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^,The  possibility  of  operating  a  continuously  tunable  high-pressure  C02  laser  by  excit¬ 
ing  the  gas  optically  with  radiation  from  a  pulsed  DF  laser  is  studied  experimentally 
and  theoretically.  The  pumping  radiation  is  absorbed  by  DF  in  a  high-pressure 
DF/COa  /He  mixtiirey  and  subsequent  vibrational  energy  transfer  to  the  C02  v3  mode 
provides  the  C02  lastr  population  inversion.  Continuous  tuning  of  the  C02  laser 
frequency  between  two  C02  line  centres  in  the  R -branch  at  10.26  ju m  is  demon¬ 
strated  at  12  atm  laser  gas  pressure.  The  operational  characteristics  of  the  laser  are 
studied  for  several  gas  mixtures  at  gas  pressures  up  to  19  atm.  For  a  10  atm  gas 
mixture  containing  0.6%  DF,  5%  C02  and  94.4%  He  the  maximum  C02  laser  output 
energy  obtained  with  a  two-mirror  COa  laser  resonator  is  approximately  6  mj,  corres¬ 
ponding  to  a  total  quantum  efficiency  of  20%.  The  slope  quantum  efficiency  is  then 
about  35%.  The  choice  of  gas  mixture  is  not  critical  for  the  laser  performance.  A 
maximum  output  energy  of  1  mj  is  obtained  in  the  frequency  tuning  experiments.  A 
theoretical  laser  model  is  outlined,  and  the  results  of  computer  simulations  based  on 
this  model  are  in  reasonable  agreement  with  the  experimental  results. 
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CONTINUOUSLY  TUNABLE  OPTICALLY  PUMPED  HIGH-PRESSURE  DF-KX>2 
TRANSFER  LASER 


SUMMARY 

The  potability  of  operating  a  continuously  tunable  high -pressure  C02  later  by  excit¬ 
ing  the  gat  optically  with  radiation  from  a  pulsed  DF  later  it  studied  experimentally 
and  theoretically.  The  pumping  radiation  it  absorbed  by  DF  in  a  high -pressure 
DF/COj/He  mixture,  and  subsequent  vibrational  energy  transfer  to  the  C02  v3  mode 
provides  the  C02  later  population  inversion.  Continuous  tuning  of  the  C02  laser 
frequency  between  two  C02  line  centres  in  the  R -branch  at  10.26  /an  is  demonstra¬ 
ted  at  12  atm  laser  gas  pressure.  The  operational  characteristics  of  the  laser  are 
studied  for  several  gas  mixtures  at  gas  pressures  up  to  19  atm.  For  a  10  atm  gas 
mixture  containing  0.6%  DF,  5%  C02  and  94.4%  He  the  maximum  C02  laser  output 
energy  obtained  with  a  two-mirror  C02  laser  resonator  is  approximately  6  mj,  corres¬ 
ponding  to  a  total  quantum  efficiency  of  20%.  The  slope  quantum  efficiency  is  then 
about  35%.  The  choice  of  gas  mixture  is  not  critical  for  the  laser  performance.  A 
maximum  output  energy  of  1  rqj  is  obtained  in  the  frequency  tuning  experiments.  A 
theoretical  laser  model  is  outlined,  and  the  results  of  computer  simulations  based  on 
this  model  are  in  reasonable  agreement  with  the  experimental  results. 


1  INTRODUCTION 

Since  laser  action  was  observed  for  the  first  time  in  a  Ruby  crystal  in  1960,  new 
active  laser  media  and  new  excitation  techniques  have  been  intensively  studied,  and 
today  laser  radiation  can  be  generated  at  practically  any  wavelength  from  the  vacuum 
ultraviolet  to  the  far  infrared  part  of  the  spectrum. 

The  most  outstanding  properties  of  laser  radiation  axe  its  extremely  narrow  spectral 
bandwidth,  high  degree  of  directionality  and  coherence  in  space  and  time.  The  radi¬ 
ation  can  be  continuous-wave  or  pulsed  with  pulse  lengths  as  short  as  fractions  of  a 
picosecond  and  peak  powers  up  to  hundreds  of  terawatts.  These  unique  features  have 
caused  a  revolution  in  research  areas  like  high  resolution  spectroscopy  (1),  photo¬ 
chemistry  (2)  and  the  study  of  ultrafast  phenomena  in  atoms  and  molecules  (3),  and 
they  have  given  rise  to  new  important  research  fields  such  as  laser  isotope  separation 
(4),  nonlinear  optics  (5)  and  laser  monitoring  of  pollutants  and  trace  gases  in  the 
atmosphere  (6). 

Since  these  research  areas  are  all  based  upon  the  analysis  of  interaction  between 
radiation  and  matter,  a  common  requirement  usually  arises  about  coincidence  be¬ 
tween  the  laser  frequency  and  energy  level  spadngs  in  the  atoms  or  molecules  under 
study.  Serious  limitations  occur  in  many  applications  because  it  is  difficult  to  find 
practical  laser  sources  which  satisfy  the  frequency  requirements,  and  one  often  has  to 
rely  on  accidental  coincidences  between  existing  laser  lines  and  atomic  or  molecular 
energy  transitions.  The  question  has  therefore  naturally  been  raised  about  the  possi¬ 
bility  of  continuous  tuning  of  the  laser  frequency  over  the  spectral  regions  of  interest. 
Such  tunable  lasers  are  invaluable  spectroscopic  instruments,  and  the  development  of 
these  sources  is  a  great  challenge  to  laser  physicists.  It  is  our  hope  to  make  a  contri¬ 
bution  in  this  field  with  the  present  work  which  is  an  investigation  of  a  new  optical 
excitation  concept  for  a  high-pressure  carbondioxide  laser. 

The  carbondioxide  laser  is  one  of  the  most  powerful  lasers  in  the  infrared  part  of  the 
spectrum,  oscillating  on  a  multitude  of  vibrational/rotational  transitions  in  the 
9 — 11  Jim  region  (7).  Operated  at  gas  pressures  higher  than  8-10  atm  C02  lasers  offer 
the  potential  of  broad  continuous  frequency  tuning  since  overlapping  between  adja¬ 
cent  vibrational/rotational  lines  then  occurs  due  to  the  pressure  broadening.  It  is  the 
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purpose  of  this  work  to  investigate  the  possibility  of  operating  such  a  high-pressure 
C03  laser  by  exciting  the  gas  optically  with  radiation  from  a  pulsed  deuterium  fluo¬ 
ride  laser. 

Apart  from  its  high  efficiency,  the  C02  laser  is  particularly  interesting  because  its 
wavelength  range  falls  in  the  middle  of  the  8—14  jum  atmospheric  transmission  win¬ 
dow.  Many  pollutants,  exhaust  gases  and  toxic  gases  have  their  absorption  frequencies 
in  this  region,  and  remote  monitoring  of  such  species  in  the  air  is  an  important 
application  for  a  tunable  C03  laser. 

Since  the  possibility  of  achieving  continuous  frequency  tuning  in  high-pressure  C02 
lasers  was  first  pointed  out  in  1971  (8),  considerable  effort  has  been  put  into  search 
for  suitable  methods  for  the  excitation  of  such  lasers.  So  far  most  people  have  used 
some  kind  of  pulsed  electrical  excitation  of  the  gas,  including  electrical  discharge 
excitation  (9),  and  electron-beam  sustained  excitation  (10).  The  common  problem 
with  electrical  discharges  is  the  formation  of  arcs  in  the  plasma,  caused  by  the  strong 
electric  fields  that  are  required  to  sustain  the  plasma  discharge  at  such  high  gas 
pressures.  Electron-beam  sustained  excitation,  on  the  other  hand,  is  impractical  for 
most  purposes  because  of  the  large  installations  required  to  produce  an  electron-beam 
of  sufficient  power.  Although  continuous  frequency  tuning  has  been  demonstrated  in 
a  few  laboratories  using  these  techniques,  practical  continuously  tunable  C02  lasers 
have  not  yet  become  available.  A  promising  technique  which  has  been  demonstrated 
recently  is  that  of  using  a  radio-frequency  discharge  for  excitation  of  a  high-pressure 
CO]  waveguide  laser  (11, 12).  This  concept  may  result  in  a  more  practical  tunable 
laser  than  the  electrical  excitation  techniques  used  so  far. 

As  an  alternative  to  electrical  excitation,  optical  excitation  with  radiation  from  a 
high-power  laser  has  long  been  recognized  as  a  very  general  method  for  production  of 
population  inversion  in  various  laser  media.  Above  all,  it  has  been  used  to  excite 
molecular  gas  lasers  for  generation  of  coherent  radiation  on  a  large  number  of  new 
wavelengths  in  the  middle  infrared  and  far  infrared  parts  of  the  spectrum  (IS,  14). 
Optical  pumping  exhibits  a  number  of  important  advantages  compared  with  other 
excitation  techniques:  First  of  all,  the  excitation  is  inherently  selective,  and  in  prin¬ 
ciple  the  whole  pumping  energy  may  be  effective  for  excitation  of  the  laser  molecules 
to  the  upper  laser  level.  Conversion  efficiencies  from  pumping  photons  to  laser  pho¬ 
tons  may  approach  100%  (15).  In  many  cases  the  absorption  of  the  pumping  radi¬ 
ation  is  also  very  strong,  resulting  in  extremely  high  pumping  rates.  This  feature  is 
especially  important  in  a  high-pressure  laser,  since  the  nonradiative  depopulation  rate 
of  the  upper  laser  level  increases  proportionally  with  pressure  and  competes  seriously 
with  the  excitation.  Optical  pumping  has  created  population  inversion  between  new 
pairs  of  energy  levels  in  molecules  that  would  be  ineffectively  excited  or  would  even 
dissociate  in  an  electrical  discharge.  The  general  problems  with  discharge  instabilities 
and  formation  of  arcs  which  are  encountered  in  electrical  discharges  are  all  avoided  in 
optical  pumping.  Also,  since  negligible  dissociation  occurs,  it  is  feasible  to  use  rare 
and  expensive  molecular  isotopes  in  sealed-off  cavities,  and  the  wavelength  range  of 
the  laser  may  thus  be  extended. 

Earlier  investigators  have  demonstrated  laser  actions  in  C02  and  N30  at  multi- 
atmospheric  pressures  using  either  a  pulsed  HBr  laser  (16)  or  pulsed  frequency  doub¬ 
led  CO]  laser  radiation  (17)  for  excitation.  The  laser  molecules  were  either  excited 
directly  to  the  upper  laser  level  or  via  energy  transfer  from  a  second  molecule  which 
absorbed  the  pumping  radiation.  The  two  schemes  are  generally  referred  to  as  direct 
optical  pumping  and  optical  transfer  pumping.  A  summary  of  the  earlier  experiments 
is  gjiven  in  Table  1.1.  It  is  observed  that  low  output  energies  and  quantum  efficiencies 
have  been  obtained  in  these  investigations,  particularly  in  the  case  of  HBr  laser  pum¬ 
ping.  The  potential  of  optical  pumping  as  an  efficient  excitation  method  for  high- 
pressure  gas  lasers  was  obviously  not  realized.  Further  development  of  optically 
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Summary  of  characteristics  of  optically  pumped  high-pressure  C02  and 
N20  lasers 


pumped  high-pressure  lasers  into  practical,  continuously  tunable  sources  has  been 
hindered  by  the  lack  of  convenient  high-power  pumping  lasers.  The  HBr  laser  is  the 
only  powerful  source  with  a  frequency  suitable  for  direct  pumping  of  C02  or  N20, 
but  so  far  this  laser  seems  to  be  too  impractical  even  for  laboratory  applications. 
Optical  transfer  pumping  of  C02  or  N20  via  CO  is  posable  using  frequency  doubled 
C02  laser  radiation.  However,  the  frequency  doubling  depends  on  difficult  crystal 
technology,  which  has  hindered  further  development. 


It  is  a  new  optical  transfer  pumping  scheme  for  high-pressure  C02  lasers  that  we 
investigate  in  this  work.  A  pulsed  DF  laser  oscillating  on  several  lines  in  the  3.5  — 
4/un  region  is  used  for  pumping.  The  pumping  radiation  is  resonantly  absorbed  by 
DF  in  a  high-pressure  DF/C02/He  mixture,  and  subsequent  vibrational  to  vibrational 
energy  transfer  to  the  C02  upper  laser  level  provides  the  population  inversion.  We  call 
this  a  DF-+  C02  transfer  laser,  and  the  concept  is  similar  to  that  used  in  (20)  for 
excitation  of  a  continuous-wave  low-pressure  DF  -*■  C02  transfer  laser.  DF  lasers  are 
powerful,  highly  developed  and  commercially  available  sources  which  may  be  better 
suited  for  the  excitation  than  the  sources  mentioned  above.  It  is  the  purpose  of  this 
work  to  demonstrate  the  principle  of  the  optically  pumped  high-pressure  DF  *♦  C02 
transfer  laser,  to  investigate  its  operation  characteristics  and  to  evaluate  its  potential 
as  a  continuously  tunable  high-power  infrared  laser  source. 

To  place  this  work  into  a  greater  context  it  is  useful  to  look  at  the  position  of  the 
C02  laser  in  relation  to  existing  continuously  tunable  lasers.  Several  types  of  such 
sources  have  been  developed,  and  their  tuning  ranges  are  indicated  in  Figure  1.1.  The 
dye  laser  is  by  far  the  most  important  tunable  laser  in  the  visible  region,  while  a 
number  of  sources  are  used  in  the  infrared,  including  semiconductor  lasers,  color- 
center  lasers,  transition  metal  lasers,  spin-flip  Raman  lasers,  optical  parametric  oscil¬ 
lators  and  high-pressure  molecular  lasers  (C02  and  N20).  In  addition,  various  frequ¬ 
ency  mixing  techniques  in  nonlinear  optical  media  as  well  as  stimulated  Raman  scat¬ 
tering  can  be  used  to  shift  the  frequency  of  a  tunable  source  to  other  parts  of  the 
spectrum.  Most  of  the  0.1  —  100  pm  range  is  covered  in  this  way,  and  we  notice  that 
several  sources  oscillate  in  the  same  region  as  the  C02  laser.  There  is  not  room  here 
for  a  discussion  of  the  individual  sources,  but  a  general  survey  with  good  references 
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Figur  1.1  Spectral  ranges  of  tunable  coherent  laser  sources  (21,  22) 


can  be  found  in  (21).  It  is  essential  to  note  that  these  sources  differ  considerably 
with  respect  to  operating  characteristics,  reliability  and  ease  of  operation.  Some  sys¬ 
tems  are  very  complex,  and  in  others  the  short  lifetimes  of  the  active  media  exclude 
them  from  practical  use  outside  the  laboratory.  In  general,  the  various  sources  are 
suited  for  quite  different  applications  due  to  the  large  variations  in  laser  parameters, 
such  as  output  power,  pulse  energy,  pulse  length,  mode  quality,  frequency  bandwidth 
and  stability.  It  is  often  impossible  to  find  a  source  which  combines  all  the  required 
properties  for  a  specific  application,  and  the  search  for  new  tunable  lasers  is  therefore 
important. 

The  C03  laser  is  by  far  the  most  powerful  coherent  source  in  the  9—11  pm  region. 
Optical  pumping  provides  a  particularly  simple  and  efficient  excitation  of  the  laser, 
and  it  will  be  shown  that  continuously  tunable  high-power  CO]  laser  radiation  can  be 
generated  with  the  presented  concept.  Preliminary  results  of  these  investigations  were 
published  in  (23).  Considerable  improvements  in  laser  output  energies  and  quantum 
efficiencies  are  reported  in  this  work,  and  a  more  detailed  theoretical  model  including 
computer  simulations  of  the  laser  performance  will  be  presented. 

It  should  be  noted  that  radiation  frequencies,  spectral  line  widths  and  molecular 
energies  will  all  be  given  in  units  of  (cm'1 )  in  this  text.  A  diagram  showing  the 
correspondence  between  the  units  (cm*1 ),  (Hz),  (J)  and  (pm)  can  be  found  in  Appen¬ 
dix  A. 


A  list  of  symbols  used  in  the  text  can  be  found  in  Appendix  B. 


2  OPTICAL  PUMPING  AND  THE  DF-*COj  TRANSFER  LASER  CONCEPT 


This  chapter  starts  with  a  general  survey  of  the  most  fundamental  aspects  of  optical 
pumping,  including  pumping  schemes  and  common  pumping  geometries.  The  second 
part  of  the  chapter  is  an  introduction  to  the  DF~*C02  transfer  laser  concept,  which  is 
the  subject  of  this  work.  We  hope  that  this  brief  discussion  will  facilitate  the  reading 
of  the  next  chapters. 


2.1  The  optical  excitation  technique 

As  early  as  in  1960  incoherent  light  from  pulsed  flash  tubes  was  used  for  optical 
excitation  of  the  first  Ruby  lasers.  Since  the  emission  spectra  from  such  tubes  are 
broad,  efficient  excitation  can  only  be  obtained  in  laser  media  with  sufficiently  broad 
absorption  profiles.  Excitation  wish  flash  tubes  is  still  successfully  used  for  instance  in 
solid  state  lasers  and  dye  lasers. 

Here  we  shall  however  restrict  the  discussion  to  the  special  case  of  optical  pumping 
with  laser  radiation.  The  pumping  power  may  then  be  concentrated  within  extremely 
narrow  frequency  bands,  and  this  is  therefore  a  far  more  general  and  efficient  method 
for  the  production  of  population  inversion  in  various  laser  media.  Laser  radiation  is 
particularly  efficient  for  excitation  of  gases  where  absorption  of  radiation  can  only 
take  place  on  narrow  spectral  lines. 

By  using  laser  radiation  it  becomes  possible  to  excite  the  molecules  selectively  to 
specific  upper  states,  and  this  opens  the  possibility  of  achieving  laser  oscillation  on  a 
large  number  of  lines  that  cannot  be  reached  with  other  excitation  techniques.  The 
greatest  success  of  optical  pumping  has  perhaps  been  obtained  in  the  field  of  far 
infrared  lasers  (14).  FIR  laser  radiation  originates  from  pure  rotational  transitions  in 
molecules,  and  optical  pumping  provides  the  only  efficient  way  of  establishing  popu¬ 
lation  inversion  between  the  rotational  levels.  Altogether  optical  pumping  can  be  used 
for  excitation  of  most  kinds  of  laser  media,  often  leading  to  improved  laser  perfor¬ 
mance  such  as  higher  output  power,  improved  frequency  stability  and  mode  quality, 
higher  operating  pressures  and  broader  tuning  ranges.  Apart  from  being  extremely 
selective,  optical  pumping  may  provide  extremely  high  excitation  energy  densities 
when  the  pumping  radiation  is  focused  to  a  small  spotsize  in  a  strongly  absorbing 
medium.  This  property  is  of  special  importance  in  the  present  investigation  of  a 
high-pressure  C02  laser.  Since  the  decay  rate  of  the  upper  laser  level  increases  propor¬ 
tionally  with  pressure,  high  pumping  energy  densities  are  required  to  maintain  the 
population  inversion. 

2.1.1  Optical  excitation  schemes 

In  Figure  2.1  two  principal  energy  level  schemes  for  optical  excitation  of  a  laser 
molecule  are  illustrated.  The  simplest  is  direct  optical  pumping  (a)  in  which  the  laser 
molecule  is  excited  directly  from  its  ground  state  g  to  the  upper  laser  level  u  by 
radiation  at  frequency  vp.  Laser  oscillation  at  frequency  pl  occurs  to  a  lower  level  2 
which  is  often  essentially  unpopulated  at  room  temperature.  The  other  possibility  is 
the  optical  transfer  pumping  scheme  (b)  where  a  mixture  of  two  different  molecules 
is  used.  The  first  molecule  only  acts  as  an  absc  er  for  th<»  imping  radiation,  and  it 
is  excited  to  a  transfer  level  t.  Via  collisions  bet.  ...  the  t to  moleades  the  energy  is 
transferred  to  the  upper  laser  level  u,  and  popul^  jn  inversion  with  respect  to  the 
level  2  is  thereby  established.  The  most  important  advantage  of  optical  transfer  pum¬ 
ping  is  that  it  relaxes  the  requirement  of  exact  matching  between  the  pumping  laser 
frequency  and  the  absorption  frequency  of  the  laser  molecule.  It  is  even  possible  to 
use  tire  same  combination  of  a  powerful  pumping  laser  and  an  absorbing  molecule  for 
optical  transfer  pumping  of  several  different  laser  molecules  or  isotopes  (17). 
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Figure  2.1  Optical  excitation  schemes 

Pp  —  pumping  radiation  frequency 
radiati'*-'  frequency 


It  is  the  optical  transfer  pumping  scheme  that  we  use  in  this  work,  and  we  shall  make 
some  general  comments  on  the  transfer  process,  which  is  naturally  critical  for  the 
laser  performance.  First,  it  should  be  remarked  that  the  energy  transfer  may  be  very 
fast  even  with  energy  differences  AE  of  several  hundred  cm'1  between  the  levels  t 
and  u.  The  transfer  speed  is  proportional  to  the  partial  pressure  of  the  laser  gas  and 
may  thus  be  varied.  In  a  favourable  situation  the  energy  transfer  is  much  faster  than 
the  decay  from  the  two  levels.  A  positive  energy  difference  (AE=  Et— Eu>0)  favours 
population  of  the  u-level,  and  an  almost  complete  energy  transfer  may  then  occur. 
This  is  important  with  respect  to  laser  gain. 

In  general  the  picture  is  much  more  complicated  than  indicated  in  Figure  2.1,  mainly 
because  a  large  number  of  energy  levels  become  involved  via  relaxation  processes.  In 
the  case  of  an  infrared  molecular  gas  laser  the  levels  shown  in  Figure  2.1  are  actually 
rotational  sublevels  within  different  vibrational  states,  and  fast  relaxations  induced  by 
collisions  occur  within  the  rotational  sublevel  manifolds  as  well  as  among  the  vibratio¬ 
nal  levels.  A  discussion  of  laser  excitation  can  therefore  not  be  made  without  conside¬ 
ring  these  relaxations.  We  shall  see  in  later  chapters  that  the  choice  of  gas  mixture  is 
especially  important  for  an  optimization  of  these  processes  with  respect  to  laser  gain 
and  output  power. 

2.1.2  Optical  pumping  geometries 

We  shall  now  consider  two  principal  geometries  which  can  be  used  in  optical  pump¬ 
ing.  Figure  2.2  shows  schematics  of  the  longitudinal  (a)  and  the  transverse  (b)  pump¬ 
ing  geometries.  The  discussion  will  be  concentrated  on  longitudinal  optical  pumping, 
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Figure  2.2 


Optical  pumping  geometries 
Up  —  pumping  radiation  frequency 

—  frequency  of  the  radiation  from  theopticaliy  pumped  laser 
BS  —  beamsplitter 

Mj  —  input  mirror  at  Vp  and  output  coupler  at 


since  that  geomt  :ry  is  used  in  this  work.  The  abbreviation  OPL  is  frequently  used  for 
’’optically  pumped  laser”  in  this  section. 

In  the  longitudinal  pumping  geometry  the  pumping  radiation  is  introduced  along  the 
OPL  resonator  axis.  Special  spectral  characteristics  are  then  required  at  the  beam¬ 
splitter  (BS)  and  input  mirror  (M, ).  Ideally,  the  beamsplitter  should  reflect  100%  at 
vp  and  transmit  100%  at  ?L  while  the  input  mirror  should  transmit  100%  at  Pp  and 
provide  a  suitable  output  coupling  at  v^.  Such  an  optimization  at  two  frequencies  is 
not  trivial  and  some  reflection  or  transmission  losses  must  usually  be  allowed  for. 

An  important  consideration  is  that  of  spatial  matching  between  the  pumping  laser 
beam  and  the  OPL  TEM00  resonator  mode.  To  obtain  high  conversion  efficiency  and 
laser  beam  quality  close  matching  is  required.  The  ideal  pumping  beam  in  most 
situations  is  a  TEMqq  fundamental  Gaussian  beam,  but  from  the  theory  of  Gaussian 
beams  (24)  we  know  that  a  perfect  overlapping  with  the  OPL  TEM00  mode  is  never 
possible,  because  and  i>L  are  different  frequencies.  However,  with  a  suitable  focus¬ 
ing  of  pumping  beam  and  choice  of  mirror  radii  in  the  OPL  resonator,  it  is  possible 
to  achieve  a  reasonable  matching  in  most  cases.  The  problems  usually  arise  when  the 
pumping  beam  is  a  multimode  rather  than  a  fundamental  Gapssian  beam.  This  may 
lead  to  excitation  of  higher-order  transverse  OPL  resonator  modes,  reducing  the  spec¬ 
tral  purity  of  the  OPL  radiation. 

The  longitudinal  pumping  geometry  is  generally  applicable,  offering  the  advantage 
that  the  OPL  cavity  length  can  be  adjusted  according  to  the  absorption  distance  of 
the  pumping  radiation.  There  is,  however,  one  fundamental  limitation  determined  by 
the  maximum  pumping  power  or  energy  densities  that  are  tolerated  on  mirrors  and 
windows  before  radiation  damage  occurs.  When  the  beam  from  a  high  power  laser  is 
focused  to  a  small  spot  on  the  OPL  input  mirror,  the  damage  threshold  is  easily 
exceeded,  and  this  will  be  a  major  concern  in  the  present  work. 


The  latter  problem  is  significantly  reduced  in  the  transverse  pumping  geometry  shown 
in  Figure  2.2b,  with  the  pumping  radiation  coming  in  perpendicular  to  die  OPL 
resonator  axis.  The  radiation  is  usually  focused  onto  the  axis  by  a  cylinder  lens,  and 
the  resulting  pumping  power  density  on  the  optical  surfaces  is  generally  lower  than  in 
the  longitudinal  pumping  geometry.  This  approach  is  also  simpler  because  the  special 
spectral  characteristics  of  the  beamsplitter  and  input  mirror  are  no  longer  needed.  The 
matching  between  the  excited  gas  volume  and  the  OPL  resonator  mode  may  seem  to 
be  a  problem,  but  by  using  an  optical  waveguide  instead  of  an  open  OPL  resonator, 
laser  oscillation  on  a  single  transverse  waveguide  mode  can  be  obtained.  Efficient  use 
of  the  transverse  pumping  geometry  normally  requires  that  the  pumping  radiation  is 
absorbed  over  a  distance  comparable  to  the  width  of  the  OPL  resonator  mode.  In  the 
present  work  the  absorption  distance  was  substantially  longer  and  a  longitudinal 
pumping  geometry  was  consequently  chosen. 

2.2  The  DF-*COj  transfer  laser  concept 

We  shall  now  turn  to  a  discussion  of  the  particular  laser  concept  that  is  studied  in 
this  work  and  point  out  some  of  its  most  fundamental  features.  As  explained  in  the 
introduction,  the  purpose  is  to  investigate  the  possibility  of  operating  an  optically 
excited  high-pressure  carbondioxide  laser,  and  to  evaluate  its  potential  as  a  conti¬ 
nuously  tunable  laser  source.  The  theory  of  the  C02  molecule  as  an  amplifying  laser 
medium  will  be  treated  in  section  3.1,  but  at  this  point  it  suffices  to  know  that  C02 
lasers  exhibit  gain  on  a  multitude  of  vibrational/rotational  transitions  in  the 
900— 1100  cm"1  (9—11  fan)  region.  Conventional  C02  lasers  are  operated  at  gas  pres¬ 
sures  lower  than  or  equal  to  one  atmosphere,  and  a  typical  gain  spectrum  of  a  1  atm 
C02  laser  is  given  by  the  lower  curve  of  Figure  2.3.  We  observe  that  laser  oscillation 
can  occur  only  on  discrete  lines,  and  the  widths  of  these  lines  axe  typically  10%  of 
the  interline  spacings.  The  linewidths  increase  proportionally  with  the  gas  pressure 
due  to  collision  broadening,  and  in  a  10  atm  C02  laser  the  gain  spectrum  will  look 
like  the  upper  curve  in  Figure  2.3.  Complete  overlapping  between  adjacent  vibra¬ 
tional/rotational  lines  provides  a  continuous  gain  profile  and  the  possibility  of  conti¬ 
nuous  tuning  of  the  laser  frequency  is  obvious.  The  notations  P-branch  and  R-branch 
will  be  explained  in  chapter  3. 
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Figure  2.3  C02  laser  gain  spectra  ( after  25) 

Lower  curve  —  1  atm  gas  pressure 

Upper  curve  —  10  atm  gas  pressure 
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A.  schematic  of  our  experimental  ar¬ 
rangement  is  shown  in  Figure  2.4,  and 
the  longitudinal  pumping  geometry  of 
Figure  2.2a  is  recognized.  The  pump¬ 
ing  source  is  a  pulsed  deuterium  fluo¬ 
ride  laser  which  oscillates  on  several 
lines  in  the  2500—2900  cm*1 
(3.5  —  4  Mm)  region.  The  radiation  is 
absorbed  by  DF  in  a  high-pressure 
DF/C02/He  mixture,  with  subsequent 
collisional  energy  transfer  from  DF  to 
the  C02  upper  laser  level.  A  further 
discussion  about  details  in  the  set-up 
is  given  in  chapter  5. 

Our  intention  is  here  to  give  a  brief 
survey  of  the  sequence  of  processes 
that  are  important  in  the  conversion 
from  DF  laser  pumping  photons  to 
C02  laser  photons.  If  this  picture  is  kept  in  mind  it  should  facilitate  the  reading  of 
the  next  chapters. 

The  energy  level  diagrams  of  the  DF  pumping  laser  and  the  optically  pumped 
DF-*C02  transfer  laser  are  shown  in  Figure  2.5.  Notice  that  the  vibrational  levels  are 
marked  with  heavy  lines,  while  thin  lines  indicate  rotational  sublevels.  We  shall  briefly 
consider  the  transitions  of  the  DF  laser  molecule  (Figure  2.5a).  Since  DF  is  a  two- 
atomic  molecule,  it  has  a  single  vibrational  frequency,  and  the  vibrational  levels  are 
marked  with  quantum  numbers  v  =  0, 1,  2,  3  . . . .  Rotational  sublevels  with  quantum 
numbers  J  and  J— 1  are  also  indicated.  DF  laser  oscillation  may  occur  on  25—30 
vibrational/rotational  transitions,  three  of  which  are  shown  in  the  figure.  These  are 
lines  within  the  v  =  l~*v  =  0,  v  -  2-*v  =  1  and  v  =  3-^v  =  2  vibrational  bands,  and  we 
shall  briefly  refer  to  them  as  the  1“H),  2-*l  and  3-*2  lines.  Depending  on  the  chosen 
DF  laser  resonator  configuration  it  is  possible  to  obtain  laser  oscillation  on  all  these 
lines  simultaneously  or  on  a  single  line  only. 

Figure  2.5b  shows  the  relevant  energy  levels  of  the  DF-*C02  transfer  laser,  and  the 
principal  excitation  scheme  of  Figure  2.1b  is  recognized.  The  levels  of  the  DF  absorb¬ 
ing  molecule  are  identical  to  those  of  Figure  2.5a,  while  the  C02  energy  level  diagram 
is  somewhat  more  complex.  A  three-atomic  linear  molecule  like  C02  has  four  normal 
vibrational  modes  but  only  three  characteristic  vibrational  frequencies  ,  v2  and  v3 , 
since  the  v2  -mode  is  doubly  degenerate.  The  two  first  excited  vibrational  levels  of 
each  mode  are  shown  in  the  figure,  and  two  possible  C02  laser  transitions  are  also 
indicated  (see  chapter  3  for  further  details). 

In  the  description  of  the  sequence  of  processes  that  occur  in  the  laser,  it  is  useful  to 
start  with  the  excitation.  One  solid  and  two  dashed  arrows  indicate  that  the  excita¬ 
tion  involves  just  the  same  transitions  in  the  DF  absorbing  molecule  as  those  of  the 
DF  laser  molecule.  There  is  thus  an  inherent  matching  between  pumping  laser  fre¬ 
quencies  and  the  absorption  frequencies.  This  is  a  unique  and  favourable  feature  of 
this  laser  system.  Since  practically  all  the  DF  molecules  are  in  the  vibrational  ground 
state  at  room  temperature,  the  excitation  process  can  only  be  initiated  by  the  1~K) 
DF  laser  pumping  lines,  as  indicated  by  the  solid  arrow.  If  a  single  pumping  line  is 
used,  this  must  therefore  be  one  of  the  1~K)  lines.  On  the  other  hand,  using  a 
multiline  DF  laser,  the  2~*1  and  3-»2  lines  may  also  contribute  to  the  excitation  as 
the  DF  molecules  are  excited  step  by  step  up  their  vibrational  energy  ladder.  This  is 
indicated  by  the  dashed  arrows.  An  important  part  of  this  process  is  the  internal 
vibrational  relaxation  which  tends  to  establish  a  Boltzmann  distribution  over  the  DF 


Figure  2.4  Schematic  of  experimental 
set-up  used  for  optical  pump¬ 
ing  of  the  DF  -*■  C02  transfer 
laser 
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vibrational  levels.  We  shall  in  fact  assume  in  chapter  3  that  Boltzmann  distributions 
with  characteristic  vibrational  temperatures  are  always  maintained  within  each  of  the 
four  vibrational  energy  ladders  in  DF  and  C02 . 
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Figure  2.5  Energy  level  diagrams  of  the  DF  pumping  laser  (a)  of  the  DF~*’COi 
transfer  laser  (b) 

Heavy  lines  —  vibrational  levels 
Thin  lines  —  rotational  levels 

Laser  transitions,  pumping  transitions  and  energy  transfer  are  indicated  by  arrows  (see 
text) 


It  is  indicated  in  the  figure  that  the  energy  transfer  from  DF  to  C02  takes  place 
between  the  first  excited  vibrational  levels  of  DF  and  of  the  C02  v3  mode.  A  more 
correct  picture,  which  we  shall  adapt  in  chapter  3,  is  to  consider  the  process  as 
energy  transfer  between  the  two  vibrational  energy  ladders.  A  favourable  condition  is 
the  fact  that  the  DF  vibrational  energy  quantum  is  about  550  cm*1  larger  than  the 
CO 2  quantum,  which  means  that  almost  complete  eneigy  transfer  to  the  v3  mode 
can  be  obtained  (26). 

Along  with  the  eneigy  transfer  a  population  inversion  is  established  between  the  first 
v3  vibrational  level  and  two  lower  lying  vx  and  v2  levels  which  are  essentially  unpo- 
pulated  at  room  temperature.  C02  laser  oscillation  may  then  occur  on  a  multitude  of 
vibrational/rotational  transitions.  These  are  the  regular  C02  laser  lines,  but  we  shall 
see  in  section  3.1  that  the  so-called  sequence  band  transitions  originating  from  higher 
v3  vibrational  levels  may  also  play  an  important  role,  especially  in  a  high-pressure 
C02  laser  where  they  overlap  with  the  regular  laser  transitions. 

Relaxations  from  vibrational  to  translational/rotational  energy  (V-T/R  processes)  and 
exchange  of  vibrational  energy  among  the  C02  vibrational  modes  (V-V  processes)  are 
important  because  they  determine  whether  the  population  inversion  can  be  main¬ 
tained.  It  is  intuitively  understood  that  V-T/R  processes  in  DF  and  in  the  C02v3 
mode  as  well  as  V-V  transfer  from  the  v3  mode  to  the  vx  and  v2  modes  are  detri- 
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mental  to  C02  laser  gain,  while  V-T/R  relaxation  of  the  vl  and  v2  modes  should  be 
fast  to  avoid  a  bottle-neck  and  population  build-up  in  the  lower  laser  levels. 

We  shall  now  briefly  consider  how  the  choice  of  gas  mixture  will  influence  the 
different  processes.  The  DF  partial  pressure  should  obviously  be  high  enough  to 
ensure  a  reasonable  absorption  of  the  pumping  radiation.  Unfortunately  OF  is  also  a 
serious  deactivator  for  the  C02  v3  mode,  and  a  compromise  has  to  be  made  to  avoid 
a  too  rapid  decay  of  the  upper  laser  level.  The  amount  of  C02  is  primarily  important 
for  the  energy  transfer  rate  form  DF  to  the  C02  v3  mode,  and  already  at  a  C02 
partial  pressure  of  0.5  atm  this  rate  is  much  larger  than  the  decay  rate  of  the  v3 
mode.  To  increase  the  total  gas  pressure  further,  it  is  favourable  to  use  He  instead  of 
C02.  One  reason  is  that  He  provides  slower  decay  of  the  C02  v3  mode  and  faster 
decay  of  the  v2  and  v2  modes  than  C02  does  itself.  Equally  important  is  the  fact 
that  the  DF  absorption  lines  are  about  ten  times  less  broadened  by  He  collisons  than 
by  C02  collisions,  which  means  that  a  much  stronger  absorption  of  the  pumping 
radiation  can  be  maintained  at  high  total  gas  pressures.  Nevertheless,  the  broadening 
of  the  absorption  lines  is  responsible  for  increasing  the  absorption  lengths  from  a  few 
millimeters  to  several  centimeters  and  this  is  the  reason  why  a  longitudinal  pumping 
geometry  was  chosen  in  this  work.  These  aspects  will  all  be  discussed  in  further  detail 
in  chapter  3,  and  we  shall  only  mention  here  that  a  typical  10  atm  DF/C02/He 
mixture  used  in  the  experiments  contains  0.5%  DF,  4.5%  C02  and  95%  He. 

We  end  this  chapter  by  giving  some 
typical  examples  of  results  that  have 
been  obtained  in  this  work.  Figure  2.6 
shows  the  relative  time  evolutions  of 
the  DF  pumping  laser  pulse  (a),  the 
C02  laser  small  signal  gain  (b)  and  the 
C02  laser  pulse  (c)  for  a  10  atm  laser 
gas  mixture.  The  C02  laser  oscillation 
builds  up  in  a  period  of  about  250  ns, 
and  due  to  the  high  gain  at  the  end  of 
this  period,  the  integrated  excitation 
energy  in  the  C02  v3  mode  is  extrac¬ 
ted  in  a  short  and  intensive  laser 
pulse.  This  phenomenon  is  called 
gain-switching.  The  pulse  energy  is 
about  4  mj  which  corresponds  to  a 
quantum  efficiency  of  15%  measured 
relative  to  the  number  of  absorbed 
pumping  photons.  The  peculiar  under¬ 
shoot  in  the  measured  small  signal 
gain  requires  a  closer  explanation 
which  will  be  given  later. 


Figure  2.6  Typical  time  evolution  of  the 
DF  pumping  laser  power  (a), 
the  C02  laser  small  signal  gain 
(b)  and  the  C02  laser  power  (c) 
The  under  rfioot  in  the  mail  signal 
gain  will  be  explained  in  chapten  5 
and  6  (arbitrary  ordinate  units) 
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3  THEORY  OF  THE  OPTICALLY  PUMPED  HIGH-PRESSURE  DF-*X)2  TRANS¬ 
FER  LASER 

The  purpose  of  this  chapter  is  to  present  a  theoretical  model  which  can  describe  the 
time  evolution  of  the  gain  and  the  laser  radiation  intensity  of  the  optically  pumped 
high-pressure  DF-C02  transfer  laser.  This  model  has  been  used  in  computer  simula¬ 
tions  of  the  laser  characteristics,  and  the  results  of  such  simulations  are  presented  in 
chapter  4. 

While  considerable  effort  has  been  put  into  the  theoretical  modelling  of  electrically 
excited  C02  lasers  (27),  very  few  theoretical  investigations  of  optically  pumped  C02 
lasers  have  been  reported  in  the  literature.  The  only  theoretical  investigation  with 
relevance  to  our  work  has  been  made  by  Stepanov  and  coworkers  (28),  who  presen¬ 
ted  a  simplified  model  of  an  optically  pumped  transfer  laser.  The  C02-*N20  transfer 
laser  system  was  chosen  as  an  example  in  the  calculations,  with  relevance  to  an  earlier 
experimental  investigation  of  a  high-pressure  C02-*N20  transfer  laser  pumped  by  a 
pulsed  HBr  laser  (19).  (The  latter  work  was  also  referred  to  in  chapter  1).  Results 
were  presented  for  the  spatial  distribution  of  the  laser  gain,  but  no  calculations  were 
made  of  the  time  evolution  of  the  laser  intensity,  and  a  precise  comparison  with  the 
experimental  results  of  (19)  was  therefore  not  possible.  Instantaneous  energy 
exchange  between  the  v3  modes  of  C02  and  N20  was  assumed  in  the  model,  and 
several  energy  relaxation  processes  were  ignored  which  reduced  the  validity  of  the 
results. 

We  find  that  several  extensions  of  the  model  are  required  for  a  correct  description  of 
our  laser  system.  Particularly,  since  it  is  a  high-pressure  laser,  we  have  to  account  for 
the  effects  of  line  overlapping  and  the  contribution  to  the  laser  gain  from  the  so- 
called  sequence  band  transitions  (29).  These  effects  were  not  taken  into  account  in 
Stepanov’s  model,  but  we  shall  see  that  they  may  become  very  important  in  a  high- 
pressure  C02  laser. 

To  our  knowledge  the  present  work  is  the  first  where  the  results  of  a  reasonably 
comprehensive  theoretical  model  are  compared  with  experimental  results  for  an  opti¬ 
cally  pumped  high-pressure  C02  laser.  It  has  not  been  possible  within  the  frame  of 
this  work  to  take  into  account  all  the  effects  that  are  discussed  in  this  chapter  in  the 
computer  calculations  of  chapter  4,  but  effects  that  are  ignored  will  be  discussed  as 
sources  of  error  in  the  computed  results. 

Section  3.1  treats  the  general  theory  of  the  amplification  of  radiation  in  a  high- 
pressure  C02  laser,  while  the  special  theory  of  the  optically  pumped  DF-+C02  trans¬ 
fer  laser  is  outlined  in  section  3.2.  The  theoretical  model  with  its  basic  assumptions 
and  simplifications  is  summarized  in  section  3.3. 


3.1  High-pressure  C02  gas  as  an  amplifying  laser  medium 

Throughout  this  text  we  shall  ignore  the  electronic  energy  of  the  molecules,  since 
they  will  alwrays  remain  in  their  electronic  ground  states.  Being  a  three-particle  sys¬ 
tem,  the  C02  molecule  then  has  nine  degrees  of  freedom.  Since  C02  is  also  a  linear 
molecule,  the  motion  of  the  centre  of  gravity  (translation)  and  the  orientation  of  the 
molecular  axis  (rotation)  can  be  specified  in  terms  of  five  degrees  of  freedom,  leaving 
the  vibrational  motion  to  be  described  in  terms  of  four  normal  vibrational  modes. 
The  part  of  the  molecular  energy  that  we  shall  be  concerned  with  is  thus  split  into 
translational,  rotational  and  vibrational  energy.  We  shall  see  that  the  transport  of 
energy  among  the  various  degrees  of  freedom  plays  an  important  role  in  the  C02 
laser  gas. 
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3.1.1  Energy  levels  and  regular  laser  transitions  of  the  C02  molecule 

A  general  theory  of  energy  levels  and  infrared  transitions  in  polyatomic  molecules 
including  C02  can  be  found  in  (30).  The  four  normal  modes  of  vibration  of  the  C02 
molecule  are  illustrated  in  Figure  3.1a.  They  are  the  symmetric  and  asymmetric 
stretching  modes  and  the  two  degenerate  bending  modes,  describing  bending  motions 
in  two  perpendicular  planes.  The  respective  characteristic  vibrational  frequencies  are 
called  ut ,  v3  and  u2  •  and  the  corresponding  vibrational  energy  diagram  is  shown  in 
Figure  3.1b.  (The  two  bending  modes  are  usually  treated  as  one  doubly  degenerate 
mode  with  characteristic  frequency  v2  •)  The  energies  of  the  vibrational  levels  of  mode 
number  i  are  approximately  given  by  the  harmonic  oscillator  expression 

Ej  =  h*»j  «  (vj  +  (3.1) 


where 

vj  —  vibrational  quantum  number 

Due  to  anharmonicity  and  coupling  between  the  modes,  the  energy  levels  are  not 
exactly  equidistant,  and  small  terms  may  be  added  in  equation  (3.1)  to  account  for 
this.  Consequences  of  such  effects  will  be  discussed  later. 

Only  single  mode  vibrational  levels  as  expressed  by  equation  (3.1)  are  shown  in 
Figure  3.1b,  but  a  molecule  can  generally  be  excited  to  levels  which  are  superposi¬ 
tions  of  levels  of  the  three  modes.  The  general  vibrational  state  is  denoted  by  (vj 
vj),  where/  is  an  additional  quantum  number  for  the  doubly  degenerate  v2  mode, 
representing  the  vibrational  angular  momentum  about  the  molecular  axis.  /  can  take 
the  values  v2,  v2— 2,  v2— 4, ...»  1  or  0,  and  since  each  level  with  /  *  0  is  doubly 
degenerate,  there  are  altogether  v2+  1  levels  belonging  to  the  same  v2.  These  levels 


Figure  3.1  The  normal  modes  of  vibration  of  the  C02  molecule  (a)  and  the  correspon¬ 
ding  vibrational  energy  diagram  (b) 

The  two  bending  modes  are  treated  as  one  doubly  degenerate  mode  with  characteristic 
frequency  V2 


are  split  due  to  anharraonicity  and  perturbations,  but  in  the  calculations  of  popula¬ 
tions  and  partition  functions  in  section  3.1.3,  we  shall  make  the  approximation  that 
the  levels  are  degenerate. 


The  two  vibrational  transitions  involved  in  conventional  low-pressure  C02  lasers  are 
also  shown  in  Figure  3.1b.  They  both  originate  from  the  (00°  1)  upper  laser  level,  and 
they  are  called  the  regular  C02  laser  transitions.  The  respective  frequencies  are 
961cm'1  and  1064  cm*1  corresponding  to  10.4  pm  and  9.4  pm  wavelengths.  It  is 
important  to  notice  that  the  two  lower  levels  are  not  pure  vibrational  levels  of  the  vx 
and  v2  modes.  The  pure  (10°0)  and  (02°  0)  levels  are  accidentally  degenerate,  differ¬ 
ing  in  energy  by  only  3  cm'1 ,  and  interaction  between  the  pure  states  leads  to 
perturbation  of  die  energy  levels.  This  interaction  is  usually  called  Fermi  resonance, 
and  the  resulting  pair  of  energy  levels  differ  in  energy  by  about  103  cm'1 .  Since  the 
resulting  states  are  mixtures  of  the  two  pure  states,  it  is  no  longer  correct  to  denote 
them  by  (10°0)  and  (02°0),  but  for  simplicity  we  shall  use  this  notation  also  in  the 
following  text.  A  more  correct  notation  which  may  be  found  in  other  texts  is  (10°0, 
02°0)j  and  (10°0,  02oO)jj  where  I  is  used  for  the  highest  of  the  two  levels.  Generally 
the  Fermi  resonance  occurs  within  all  sets  of  accidentally  degenerate  levels  of  the 
type 

(vi  v2'v3),  ((v,— 1)(v1+2),v3),  ((v,— 2)(v2+4/  v3), . 

and  some  of  these  are  important  in  high-pressure  C02  lasers  as  discussed  in  sections 
3.1.2  and  3.1.5. 


Figure  3.2  Rotational  sublevel  manifolds  of 
the  (00°  1)  and  (10°  0)  C02  vibra¬ 
tional  levels 

PU)  b  the  population  probability  of  the  rotational 
mb  levels.  Two  C02  later  transitions,  P(18)  and  R(18), 

are  shown. 


Each  of  the  vibrational  levels  is 
split  into  a  multitude  of  rotational 
sublevels,  and  the  rotational  ener¬ 
gy  can  be  written  as 

Ej=B.ja+i)-D.jj-a+i)j+.. 

(3.2) 

where 

J  —  rotational  quantum  number 
B  —  rotational  constant 

D  —  centrifugal  distortion  con¬ 
stant 

The  second  term  comes  in  because 
the  molecule  is  not  a  perfectly 
rigid  quantum  mechanical  rotator. 
Closer  examination  also  shows 
that  B  and  D  both  depend  on  the 
vibrational  state  of  the  molecule, 
which  is  a  result  of  coupling  be¬ 
tween  rotation  and  vibration. 
Figure  3.2  shows  the  rotational 
sublevel  structure  of  the  (00°  1) 
and  (10°0)  vibrational  levels,  and 
the  population  distribution  p(J)  in 
the  rotational  manifold  is  also  in¬ 
dicated.  A  further  discussion  of 
the  populations  of  the  various 
states  is  made  in  section  3.1.3. 
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In  the  standard  isotope  llC16  02  alternate  rotational  levels  are  missing  in  the  upper 
and  lower  vibrational  laser  levels.  This  is  the  case  for  linear  molecules  with  a  centre  of 
symmetry  and  zero  nuclear  spin  in  atoms  outside  the  symmetry  centre  (30),  and  the 
situation  is  different  for  some  of  the  other  C02  isotopes.  We  have  only  used  the 
standard  isotope  in  this  work,  but  use  of  other  isotopes  will  be  an  interesting  exten- 
tion  of  the  experiments  since  overlapping  between  adjacent  C02  laser  lines  occurs  at 
lower  gas  pressure  in  isotopes  where  all  rotational  levels  are  present. 

Selection  rules  for  electric  dipole  transitions  only  allow 

Al  -  Jupper  —  J Lower  “O'*1  <33> 

AJ  =  0  is  forbidden  if  A/  *  /  =0  (30),  which  is  the  case  for  most  of  the  transitions 
that  are  relevant  in  the  C02  laser.  The  convention  is  to  write  P(J)  and  R(J)  for 
transitions  with  AJ  =  —1  and  AJ  =  +1  respectively,  where  J  is  the  rotational  quantum 
number  of  the  lower  laser  level.  Two  such  transitions,  R(18)  and  P(18),  are  shown  in 
Figure  3.2.  The  group  of  P-  and  R-transitions  form  the  P*  and  R-branches  in  the 
infrared  spectrum,  and  these  were  shown  earlier  in  the  C02  laser  gain  spectra  of 
Figure  2.3.  The  interline  spacings  are  smaller  in  the  R-branch.  This  is  a  consequence 
of  the  centrifugal  distortion  term  in  equation  (3.2),  and  it  is  important  in  the  high- 
pressure  C02  laser  because  line  overlapping  occurs  at  lower  gas  pressure  in  the 
R-branch. 

3.1.2  Sequence  bands  and  hot  bands 

Normally  the  regular  C02  laser  transitions  discussed  in  section  3.1.1  are  the  only 
observed  transitions  in  a  C02  laser.  It  is  known  however  that  a  number  of  other 
transitions  originating  from  higher-lying  vibrational  levels  may  contribute  to  the  laser 
gain  and  that  they  are  particularly  important  at  high  gas  pressure  (29).  The  situation 
is  illustrated  in  Figure  3.3a.  Transitions  of  the  type 

(00°v3)  -*■  (10°(v3— 1))  or  (02°(v,— 1)),  v3  >  2 

arc  called  sequence  band  transitions,  and  these  bands  become  increasingly  important 
with  increasing  excitation  of  the  p3  mode.  Transitions  of  the  type 

(01* v3 )  *+  (11* (v3 — 1))  or  (03>(v3— l)),v3>  1 

are  called  hot  bands,  and  these  occur  because  the  first  excited  v2  vibrational  level  is 
populated  via  stimulated  emission  and  relaxation  processes  in  the  laser  or  via  thermal 
excitation. 

Figure  3.3b  shows  that  the  frequency  ranges  of  the  sequence  bands  coincide  very 
closely  with  those  of  the  regular  bands,  and  the  small  shifts  of  2—3  cm’1  per  band  are 
explained  by  anharmonicity  and  coupling  between  the  vibrational  modes.  The  hot 
bands  are  significantly  more  shifted,  mainly  because  the  Fermi  resonance  coupling 
gives  a  larger  splitting  of  the  lower  hot  band  levels. 

In  low  pressure  C02  lasers  the  effects  of  sequence  bands  and  hot  bands  have  been 
observed  in  measurements  of  anomalously  high  gain  coefficients  on  regular  laser  lines 
that  are  accidentally  overlapped  by  sequence  band  lines  or  hot  band  Ones  (29).  Also 
by  suppressing  the  regular  laser  lines,  it  has  been  possible  to  achieve  laser  oscillation 
on  the  sequence  and  hot  bands  (31).  In  high-pressure  C02  lasers  the  line  structures 
merge  into  continuous  gain  profiles,  and  the  gain  on  the  sequence  and  hot  bands  adds 
effectively  to  the  regular  laser  gain  without  the  need  for  accidental  coincidences. 
Especially  the  contribution  from  the  sequence  bands  may  be  large  since  these  bands 
are  only  slightly  shifted  from  the  regular  bands  and  because  the  u}  mode  may  be  very 


t 
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strongly  excited.  The  hot  bands  may  also  contribute  significantly  in  certain  frequency 
regions.  This  is  discussed  further  in  section  3.1.5. 

3.1.3  Population  distributions  and  the  four-temperature  model 

If  the  gas  is  at  thermal  equilibrium  at  a  temperature  T,  the  probability  p(n)  of  finding 
a  molecule  in  a  vibrational/rotational  energy  level  n  is  given  by  the  Boltzmann 
distribution 


P(n)  =  *e  kT  (3.4) 

Q 

where 

0n  —  degeneracy  of  the  level  n 
En  —  energy  of  the  level  n 

n  —  short  notation  for  the  quantum  numbers  (J,  vt  v2*  v3) 
and 

kT 

Q  =  2  •  0n  •  e  —vibrational/rotational  partition  function 


By  ignoring  the  small  terms  in  Ep  representing  the  coupling  between  vibration  and 
rotation,  one  can  make  the  separation 

Q  ~  Qv'Qr  (3-5) 

where  Qv  and  are  vibrational  and  rotational  partition  functions.  One  can  then 
calculate  the  vibrational  and  rotational  population  probabilities  separately  so  that 

P(J.  vi  va*  v3)  =  p(J)  •  p(V|  v2*  v3)  (3.6) 


The  distribution  p(J)  has  already  been  indicated  in  Figure  3.2,  and  p(J)  has  a  maxi¬ 
mum  at  about  J  =  16  at  room  temperature  due  to  the  degeneracy  0j=  2J+1  of  the 
rotational  levels.  The  expression  for  the  vibrational  population  probability  becomes 
particularly  simple  in  the  harmonic  oscillator  approximation 


p(vi  v2'v3)  =  77-  e 

xv 


where 


Qv 

and 


r 

-  |(i-* kT 


e  -I2’'*0 

*'  V./.o 


hvt 
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hi>3 

(1— e  kT) 


(S.7a) 


(3.7b) 


It  has  in  fact  been  shown  (32)  that  the  separation  of  vibration  and  rotation  and 
neglection  of  anharmonidty  and  Fermi  resonance  effects  lead  to  errors  of  only  1—2 
per  cent  in  the  partition  functions,  and  this  accuracy  will  be  sufficient  in  our  laser 
model. 
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Having  established  approximate  expressions  for  the  population  probabilities  at  thermal 
equilibrium,  the  question  is  if  they  can  be  useful  in  the  description  of  a  C02  laser  gas 
where  non-equilibrium  conditions  exist.  In  the  C02  laser  a  large  amount  of  pumping 
energy  is  injected  into  the  gas,  and  a  sequence  of  processes  follows  which  brings  the 
gas  back  towards  thermal  equilibrium.  We  shall  see  that  some  basic  assumptions  about 
the  statistical  situation  in  the  gas  during  these  processes  will  greatly  simplify  the 
picture  of  the  laser  dynamics.  The  assumptions  are  the  following: 

a)  The  translational  and  rotational  degrees  of  freedom  are  always  in  statistical  equi¬ 
librium  at  a  common  temperature  T. 

b)  Statistical  equilibrium  always  exists  within  each  of  the  vibrational  modes,  and 
characteristic  vibrational  temperatures  Tt,  T2  and  T3  may  be  associated  with  the 
v, ,  v2  and  Vi  modes. 


These  assumptions  are  generally  referred  to  as  the  four- temperature  model  (27),  and 
the  justifications  for  this  model  are  the  following: 

—  Energy  exchange  within  the  rotational  degrees  of  freedom  (R-R  exchange)  and 
between  the  rotational  and  translational  degrees  of  freedom  (R-T  exchange)  occur 
fast,  the  mean  time  between  successive  energy  exchange  events  being  typically  one 
tenth  of  that  between  successive  gas  kinetic  (T-T)  collisions  (33, 34).  In  good 
approximation  it  may  thus  be  assumed  that  statistical  equilibrium  exists  between 
translation  and  rotation  throughout  the  many  processes  that  involve  exchange  of 
vibrational  energy.  Being  in  statistical  equilibrium,  the  T/R  degrees  of  freedom  may 
be  characterized  by  a  common  temperature  T. 

—  Exchange  of  vibrational  quanta  within  each  vibrational  mode  is  a  nearly  resonant 
process  which  occurs  faster  than  the  exchange  among  different  vibrational  modes 
(V-V  exchange)  and  exchange  with  the  T/R  degrees  of  freedom  (V-T/R  exchange) 
(35,  36).  This  fact  justifies  the  assumption  that  statistical  equilibrium  is  always 
maintained  within  each  vibrational  energy  ladder,  and  characteristic  vibrational 
temperatures  Tt,  T2  and  T3  may  thus  be  associated  with  the  vlt  v2  and  v3 
vibrational  modes. 

The  vt  and  v2  modes  are  strongly  coupled  through  the  Fermi  resonance,  and  they  are 
usually  assumed  to  possess  a  common  vibrational  temperature  Tj  =  T2  (36).  Actually, 
since  the  v2  and  v2  states  are  mixed  in  the  Fermi  resonance,  it  is  no  longer  meaning¬ 
ful  to  use  different  temperatures  Tt  and  T2,  which  will  be  discussed  in  section  3.2.5. 

The  existence  of  four  characteristic  temperatures  in  the  C02  laser  gas  was  first  pro¬ 
posed  by  Gordietz  etal  (37)  and  Moore  et  al  (38),  and  this  has  been  the  basic 
assumption  in  later  C02  laser  models  (27).  The  great  advantage  of  such  an  approach 
is  that  the  large  number  of  rate  equations  for  the  populations  of  individual  vibrational 
levels  can  be  replaced  by  a  few  rate  equations  for  the  energies  stored  in  each  of  the 
vibrational  modes. 

The  validity  of  the  assumptions  can  only  be  confirmed  by  measuring  the  populations 
of  the  various  levels  under  realistic  laser  operating  conditions,  and  such  measurements 
have  recently  been  made  both  in  continuous -wave  (39)  and  pulsed  (36)  electrically 
excited  C02  lasers.  These  measurements  include  the  use  of  regular  band,  sequence 
band  and  hot  band  lasers  for  probing  of  populations  in  several  vibrational  levels.  Also 
by  using  a  tunable  diode  laser  for  probing,  Dang  et  al  (40)  have  been  able  to  probe 
populations  of  levels  up  to  (00° 9)  in  a  cw  C02  laser  discharge.  The  results  seem  to 
confirm  the  validity  of  the  four-temperature  model  with  the  common  temperature 
T]  *  T2  for  the  v2  and  v2  modes.  Deviations  from  a  Boltzmann  distribution  are 
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observed  for  high  v3  levels,  but  since  these  give  small  contributions  to  the  gain,  the 
assumption  of  a  Boltzmann  distribution  can  still  be  maintained. 


Knowledge  of  the  time  evolution  of  the  characteristic  temperatures  in  this  approxi¬ 
mate  model  allows  us  to  calculate  the  population  of  any  vibrational/rotational  level 
and  the  gain  on  any  transition  as  a  function  of  time.  The  rotational  population 
probabilities  p(J)  are  determined  by  T,  while  the  vibrational  populations  are  found  by 
including  Tt ,  T2  and  T3  in  the  expressions  of  equation  (3.7) 


..  ht>t  h v1  ht>3 

P(vj  v2'v3)  =  J--e  * kTl  •  0/  •  e  ’“‘-e 
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We  shall  rewrite  the  expressions  for  later  use  in  our  laser  model,  introducing  the 
quantity  which  denotes  the  average  number  of  excited  v\  quanta  per  C02  mole¬ 
cule.  It  is  easily  found  that 


^  kT= 

Ni  -  (e  *  ~  1) 


i  =  1,  3 


(3.9a) 
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The  equations  (3.8)  and  (3.9)  give 
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Qv  -  U+NtHl+l*)  -(1+CT,) 


(3.10a) 

(3.10b) 


It  is  convenient  to  use  Nj  instead  of  Tj  in  the  modelling  of  the  eneigy  flow  in  the  gas 
because  Nj-hiq  is  simply  the  average  vibrational  energy  per  C02  molecule  stored  in 
mode  i.  The  energy  flow  including  V-V  and  V-T/R  processes  can  be  described  by  a 
set  of  rate  equations  for  N) ,  Nj  and  N3,  and  this  will  greatly  simplify  the  theory  of 
the  DF-*C02  transfer  laser  in  section  3.2. 


3.1.4  C02  laser  gain 

When  radiation  of  frequency  v  travels  in  the  z-direction  through  an  amplifying  laser 
medium,  the  radiation  intensity  l(v)  increases  according  to 

=  «lW-IW  (3.11) 

where 

aL(i>)  —  laser  ga.u  coefficient  at  the  frequency  v 


26 


In  this  section  we  consider  the  case  where  only  a  single  laser  transition  contributes  to 
the  gain.  The  gain  coefficient  can  then  be  expressed  as  (27) 

•tW  \ j-sO-MNu-^-n,)  (3.12)* 

where 

c  —  speed  of  light 

Ayg  —  spontaneous  Einstein  coefficient 

g(v)  —  line  shape  factor  for  the  laser  transition  (fg(v)dv  ~  1) 

Nu,  Ng  —  upper/lower  laser  level  population  densities 
0U,  0£  —  upper/lower  laser  level  degeneracies 

AN  =  Nu~  TT'Nfi  (3.13) 

is  the  population  inversion. 


In  high  pressure  gas  lasers  the  transitions  are  predominantly  collision  broadened, 
giving  Lorentzian  line  shapes 


7. 

(v-voy  +7LJ 


(3.14) 


where 


v0  —  line  centre  frequency 

7l  —  Lorentz  half  width  at  half  maximum 


7l  depends  on  the  gas  mixture  and  is  proportional  to  the  gas  pressure. 


The  population  inversion  AN  on  a  C02  laser  transition  can  be  expressed  in  terms  of 
the  probabilities  p(J)  and  p(vj  v2l  v3 )  which  were  discussed  in  section  3.1.3.  As  an 
example  we  may  consider  an  R(J)  transition  in  the  (00°  1)  -►  (10°0)  regular  C02  laser 
band.  AN  is  then  given  by 


AN 


NCO, 


(l+ff.Hi+iga)  (i+N,) 


•p(J+i)  - 


2J+3 

2J+1  1+fJ, 


(3.15) 


where 


NCq2  —  density  of  C02  molecules. 

It  can  be  observed  that  AN  reaches  a  maximum  at  N3  =  1  which  corresponds  to  Tj  * 
4880  K.  Stronger  excitation  of  the  v3  mode  only  leads  to  increased  gain  on  the 
sequence  bands  while  the  gain  on  the  regular  bands  decreases. 


It  is  important  to  note  that  the  gain  will  be  affected  by  the  radiation  intensity  I(i>), 
since  the  molecules  are  brought  from  the  upper  to  the  lower  laser  level  in  the 
amplification  process.  This  is  clearly  observed  in  the  build-up  of  the  radiation  inten¬ 
sity  in  a  pulsed  laser  like  the  one  we  study  in  this  work.  In  the  first  period  after  the 
start  of  the  excitation,  the  intensity  increases  exponentially  according  to  equation 
(3.11).  After  a  time  r  the  intensity  becomes  so  high  that  the  stimulated  emission  rate 
out  of  the  upper  laser  level  exceeds  the  pumping  rate,  and  due  to  the  high  gain  the 
integrated  pumping  energy  is  extracted  in  a  short  and  intense  laser  pulse.  This  pheno- 

*Note  that  Pand  g(P)  are  given  in  units  of  (cm*1)  and  (cm*1)'1  respectively. 
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menon  is  called  gain-switching,  and  the  time  r  before  the  saturation  of  the  gain  sets  is 
called  the  laser  oscillation  build-up  time. 

An  example  of  such  a  gain-switched  pulse  was  shown  earlier  in  Figure  2.6.  Efficient 
extraction  of  the  stored  excitation  energy  does  not  start  until  saturation  of  the  gain 
sets  in,  and  it  is  therefore  important  that  the  build-up  time  is  shorter  than  the 
non-radiative  decay  time  of  the  upper  laser  level. 

3.1.5  High-pressure  C02  laser  gain 

The  full  width  at  half  maximum  (FWHM)  of  collision  broadened  laser  transitions  is 
found  from  equation  (3.14)  to  be  twice  the  Lorentz  half  width  yL.  In  C02  lasers 
collision  broadening  is  predominant  at  pressures  above  100  torr,  and  2yL increases  with 
0.12— 0.19  cm'1  per  atmosphere  depending  on  the  gas  mixture  (41). varies  slightly 
for  the  different  transitions,  and  it  depends  on  temperature.  Since  the  spacings  be¬ 
tween  adjacent  C02  laser  lines  are  1—2  cm*1 ,  considerable  line  overlapping  is  obtained 
when  the  pressure  is  increased  to  ten  atmospheres,  making  continuous  tuning  of  the 
laser  frequency  possible.  Figure  3.4  repeats  the  calculated  C02  laser  gain  spectra  at 


Figure  3.4  C02  laser  gain  spectra  (after  (25)) 

Lower  curve  -  1  atm  gas  pressure 

Upper  curve  —  10  atm  gas  pressure 


1  atm  and  10  atm  pressure  that  were  shown  earlier  in  Figure  2.3.  Only  regular  C02 
laser  transitions  are  taken  into  account  in  the  calculation  of  these  spectra.  We  shall 
make  some  comments  about  the  interpretation  of  the  curves  and  about  factors  that 
influence  the  variation  of  the  gain  with  gas  pressure. 

It  is  useful  to  look  back  at  the  equations  (3.12)  and  (3.14)  for  the  single  line  gain 
coefficient  aL(v)  and  the  Lorentz  line  shape  function  g(i>).  The  value  of  the  line 
shape  function  at  the  line  centre  is  given  by  g(»0)  =  (ir-7L  )M.We  then  find  that  the 
line  centre  gain  varies  according  to 


aL  (*'o)  *  AN  .7l'' 


where  AN  is  the  population  inversion.  yL  is  proportional  to  tht  gas  pressure,  and  if  we 
assume  that  a  constant  pumping  energy  is  available,  AN  will  normally  decrease  with 
increasing  pressure  due  to  faster  relaxation  processes.  There  will  thus  be  a  serious 
reduction  in  the  line  centre  gain  for  increasing  pressure.  However,  as  soon  as  the  lines 
start  to  overlap,  the  reduction  is  greatly  compensated  for  as  illustrated  in  Figure  3.4. 
rhe  pure  contribution  from  line  overlapping  is  here  sorted  out  as  the  difference  between 
the  two  curves,  by  letting  AN  be  proportional  to  the  pressure  in  the  calculations.  It  is 
important  to  note  that  the  gain  increases  faster  in  the  R  branch  than  in  the  P  branch  due 
to  the  closer  line  spadngs.  The  ratio  of  the  line  centre  gain  including  line  overlapping  to 
the  single  line  gain  will  be  called  k. 

Equally  important  in  a  high-pressure  C02  laser  is  the  contribution  to  the  gain  from 
he  sequence  bands.  It  was  shown  in  Figure  3.3b  that  the  sequence  bands  were  only 
slightly  shifted  from  the  regular  bands,  and  at  high  gas  pressure  with  continuous  gain 
spectra,  the  gain  on  the  sequence  bands  add  effectively  to  the  gain  on  the  regular 
>ands.  We  shall  write  an  for  the  gain  on  transitions  originating  from  the  (00° n) 
ho  rational  level,  and  the  ratio  an:ai  is  approximately  given  by  (29) 


*n 

*i 


n  •  e 


-(n-i )  — 

«3 


(3.16) 


vhere  the  Boltzmann  factor  comes  from  the  ratio  of  the  upper  laser  level  populations 
Lt  the  vibrational  temperature  T3,  and  the  factor  n  is  the  ratio  of  the  square  of  the 
natrix  elements  calculated  in  the  harmonic  oscillator  approximation.  Deviations  from 
he  factor  n  will  occur  because  of  variations  in  the  Fermi  resonance  coupling  for  the 
lifferent  bands.  However,  data  for  these  corrections  are  not  well  known,  and  we  shall 
nake  our  calculations  in  the  approximation  of  equation  (3.16).  Introducing  the  quan- 
ity  N3  from  section  3.1.3  and  summing  the  contributions  from  all  bands  we  find 
hat 

Z  a_  =  at, -(1+N3)2  (3.17) 

i*l  * 

Ve  observe  that  if  there  is  an  average  of  0.5  excited  v3  quanta  per  C02  molecule,  the 
otal  gain  exceeds  that  of  the  regular  band  with  125%.  This  corresponds  to  a  T3  of 
>080  K,  which  is  not  unusual  in  a  strongly  excited  C02  laser.  It  should  be  remembered 
hat  (1+N3  )2  is  only  an  approximate  factor,  which  accounts  for  the  average  expected 
ontribution  from  the  sequence  bands.  In  reality,  each  sequence  band  has  its  own  fine 
tmcture  like  the  10  atm  gain  curve  in  Figure  3.4,  and  it  is  not  easy  to  predict  the  real 
pectral  shape  of  the  total  gain. 

i/hen  the  factor  (1+S3)2  and  the  line  overlapping  factor  k  is  included,  our  final 
xpression  for  the  gain  at  the  line  centre  of  one  of  the  regular  laser  lines  will  be 


*»*•<?%• '“) ' (1  +Nj,! '  <N»  -  ef  -N«»  <318>* 

-k)  is  the  value  of  the  line  shape  factor  at  the  line  centre  corrected  for  line 

nr. 

verlapping. 

8 

'ly— -H*Ng)  is  the  population  inversion  of  the  regular  laser  transition  which  can  be 

9 e 

(pressed  as  in  equation  (3.15). 


fote  that  t>o  and  7l  are  given  in  units  of  (cm*1). 
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Hot  bands  might  have  been  included  in  the  model  in  a  similar  way  as  the  sequence 
bands.  They  are  however  significantly  displaced  from  the  regular  bands,  and  in  some 
regions  they  do  not  contribute  at  all.  This  is  the  case  in  the  R  branch  at  975  cm*1 
(see  Figure  3.3b)  where  our  laser  oscillates  in  all  the  high-pressure  laser  experiments, 
and  we  have  therefore  left  the  hot  bands  out  of  the  model.  (As  explained  previously, 
the  gain  is  highest  in  the  R-branches  at  high  gas  pressures). 

It  should  be  noted  that  this  theory  is  based  on  the  assumption  of  pure  Lorentz 
overlapping  between  independent  vibrational/rotational  lines.  It  is  however  known 
that  line  shapes  are  never  exactly  Lorenzian,  and  especially  in  the  case  of  line  over¬ 
lapping,  interaction  between  adjacent  lines  tends  to  distort  the  line  shapes.  Theoreti¬ 
cal  calculations  have  been  carried  out  for  CO?  which  show  that  such  interaction  leads 
to  higher  gain  (or  absorption)  on  the  line  centres  and  lower  gain  (or  absorption) 
between  the  lines  than  what  is  predicted  by  simple  Lorentz  overlap  theory  (42).  The 
measured  absorption  on  the  line  centres  in  a  high-pressure  C02  gas  seems  to  agree 
well  with  this  theory  (42),  but  the  deviations  from  Lorentz  overlap  theory  are  typi¬ 
cally  less  than  10%  for  pressures  up  to  10  atm. 

It  is  probable  that  such  effects  will  have  some  influence  on  the  frequency  tuning 
characteristics  of  a  high-pressure  CO?  laser,  but  we  have  not  been  able  to  analyse  this 
theoretically  within  the  frame  of  the  present  work. 


3.2  Theory  of  the  optically  pumped  DF  -►  CO?  transfer  laser 

Having  presented  the  theoretical  background  for  the  calculation  of  population  densi¬ 
ties  and  gain  in  the  high-pressure  CO?  gas,  we  are  ready  to  start  the  discussion  of  the 
optically  pumped  high-pressure  DF-+CO?  transfer  laser.  A  qualitative  discussion  of 
basic  principles  and  features  of  the  laser  system  was  given  in  section  2.2,  and  here  we 
shall  describe  in  further  detail  the  various  processes  that  are  involved  in  the  conver¬ 
sion  of  pumping  photons  into  CO?  laser  photons.  The  dynamics  of  the  laser  system  is 
described  by  a  set  of  rate  equations  which  will  be  solved  in  the  computer  simulations 
of  chapter  4. 

At  this  point  it  may  be  instructive  to  repeat  the  energy  level  diagrams  of  Figure  2.5 
showing  the  laser  transitions  of  the  DF  pumping  laser  and  the  absorption  and  laser 
transitions  of  the  optically  pumped  DF-*CO?  transfer  laser.  The  diagrams  are  shown 
in  Figure  3.5. 

The  basic  properties  of  the  pumping  laser  radiation  will  be  summarized  in  section 
3.2.1.  In  section  3.2.2  we  extend  the  four-temperature  model  of  section  3.1.3,  includ¬ 
ing  also  characteristic  temperatures  for  the  DF  absorbing  gas,  and  a  simplified  block 
diagram  for  the  energy  transport  in  the  laser  system  is  presented.  The  theory  of  the 
different  energy  exchange  processes  is  then  treated  in  the  following  sections. 

3.2.1  The  DF  pumping  laser 

Being  a  two-atomic  molecule,  DF  has  only  one  vibrational  mode,  and  we  denote  its 
vibrational  frequency  by  v 4  and  its  vibrational  quantum  number  by  v4 .  We  also  use 
the  notation  v4P(J)  for  the  vibrational/rotational  transition  (v4 ,  J-l)  -*  (v4-l,J).  All 
transitions  (v4)“*(v4— 1)  are  briefly  referred  to  as  the  (v4  -*■  v4-l)  transitions  or  the 
(v4  v4 — 1 )  bands.  This  notation  is  used  for  the  DF  pumping  laser  transitions  as  well 
as  for  the  absorption  transitions  of  the  DF  molecules  in  the  optically  pumped  DF  -*■ 
CO?  transfer  laser. 
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Figure  3.5  Energy  level  diagrams  of  the  DF  pumping  laser  (a)  and  of  the  DF  -*■  C02 
transfer  laser  (b ) 

The  figure  is  a  repetition  of  Figure  2.5.  The  DF  vibrational  quantum  number  is  here 
denoted  by  v4. 

In  section  2.2  it  was  mentioned  that  the  DF  pumping  laser  can  oscillate  on  about  25 
transitions  in  the  (1— *0),  (2-*l)  and  (3-*-2)  bands.  The  transitions  involved  are  typi¬ 
cally  P(4)...P(12)  in  each  band.  Using  a  simple  two-mirror  DF  laser  resonator,  all 
these  lines  will  oscillate  in  the  same  laser  pulse.  If  one  of  the  laser  mirrors  is  replaced 
by  a  diffraction  grating,  it  is  possible  to  obtain  laser  oscillation  on  a  single  line.  The 
maximum  pulse  energies  in  multiline  and  single-line  oscillation  are  about  600  mj  and 
80  mj  respectively  for  the  laser  used  in  this  work.  In  either  case  the  pulse  width  at 
half  maximum  is  about  400  ns.  Details  of  the  two  resonator  configurations  and  the 
laser  output  characteristics  are  given  in  chapter  5. 

Both  multiline  and  single-line  DF  laser  pulses  have  been  used  in  our  experiments  for 
pumping  of  the  DF-+CO]  transfer  laser,  and  a  qualitative  discussion  of  the  pumping 
process  in  the  two  cases  will  be  given  in  section  3.2.3.  However,  only  single-line 
pumping  will  be  treated  in  the  further  development  of  a  mathematical  laser  model 
and  in  the  computer  calculations.  The  modelling  in  the  case  of  multiline  pumping 
would  have  required  inconveniently  long  computer  processing  times,  without  signifi¬ 
cantly  increasing  our  insight  into  the  physics  of  the  laser  system.  In  addition,  our 
experiments  have  revealed  that  equally  high  C02  laser  pulse  energies  can  be  obtained 
with  single-line  pumping. 

The  1P(7)  DF  laser  line  at  2743  cm*1  has  been  used  in  all  the  single  line  pumping 
experiments,  and  the  examples  of  the  following  sections  are  given  for  realistic  laser 
operating  conditions  using  this  line  for  pumping. 
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3.2.2  Extention  of  the  four  temperature  model 

In  section  3.1  we  saw  that  the  populations  in  the  various  C02  energy  levels  and  the 
CO]  laser  gain  could  be  expressed  in  terms  of  the  characteristic  temperatures  T,  Tt , 
Tj  and  T3  of  the  C02  gas.  In  the  modelling  of  the  optically  pumped  DF**C02 
transfer  laser  we  have  to  know  the  dynamical  behaviour  of  the  absorption  coefficient 
for  the  pumping  radiation,  and  this  requires  knowledge  of  the  population  probabilities 
p(v4,J)  °f  the  vibrational/rotational  levels  of  the  absorbing  DF  molecules.  Using  the 
same  arguments  as  for  C02  it  is  therefore  convenient  to  associate  characteristic  tem¬ 
peratures  T4  and  T  with  the  vibrational  and  rotational/translational  degrees  of  fredom 
of  the  DF  molecules.  We  might  call  this  a  two-temperature  model  for  the  DF  gas,  and 
the  following  comments  should  be  made  about  the  assumptions: 

—  R-R  and  R-T  energy  exchanges  occur  fast  also  in  DF  (43),  and  we  may  assume  to  a 
good  approximation  that  a  common  T/R  temperature  T  is  established.  T  will  then 
actually  be  a  common  T/R  temperature  for  all  three  gases  DF,  C02  and  He  in  the 
high-pressure  laser  gas  mixture. 

—  The  internal  V-V  relaxation  rate  constant  of  8.1*10®  s'1  -atm'1  in  the  DF  vibratio¬ 
nal  mode  (44)  is  an  order  of  magnitude  lower  than  that  of  C02.  In  our  experi¬ 
ments  the  DF  partial  pressure  is  only  0.02—0.11  atm,  giving  internal  relaxation 
rates  of  1.6-107  —  8.9*1 01  s*1.  These  are  in  the  same  range  as  the  pumping  rate 
into  the  DF  vibrational  mode  (see  chapter  4)  and  the  transfer  rate  to  the  COz  v3 
mode  (see  section  3.2.4),  and  we  must  obviously  take  into  account  the  possibility 
of  a  non-Boltzmann  distribution  in  the  DF  vibrational  energy  ladder  as  a  source  of 
error  in  our  model.  This  effect  may  be  among  the  explanations  for  the  discrepan¬ 
cies  between  calculated  and  observed  laser  pulses  as  discussed  in  chapters  4  and  6. 

In  analogy  with  the  approximations  made  for  C02  it  is  assumed  that  the  vibrational 
and  rotational  partition  functions  can  be  decoupled  so  that  p(v4,  J)  =  p(v4  )p(J). 

We  also  assume  that  the  vibrational  motion  is  strictly  harmonic,  and  we  introduce  the 
quantity  N4,  denoting  the  average  number  of  excited  vibrational  quanta  per  DF 
molecule.  As  in  equation  (3.9a)  the  relation  between  N4  and  T4  is  given  by 

hl/4 

N4  =  (e  kT«  -l)'1  (3.19) 

We  then  find  the  population  probabilities  p(v4 )  for  the  vibrational  levels 


P(v4)  = 
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1  +  N4 


FL  v4 
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1+N4' 


(3.20) 


and  the  rotational  level  population  probabilities  p(J)  are  calculated  at  the  T/R  tempe¬ 
rature  T  as  for  C02 . 

Having  established  a  simplified  model  of  the  laser  with  statistical  equilibrium  within 
each  vibrational  mode  and  within  the  T/R  degrees  of  freedom,  the  energy  transport  in 
the  laser  system  can  be  illustrated  by  the  block  diagram  in  Figure  3.6.  The  rectangular 
blocks  represent  the  energy  stored  in  the  various  degrees  of  freedom  of  the  laser  gas 
mixture.  Note  that  N;  uniquely  determines  the  energy  of  vibrational  mode  number  i. 
Statistical  equlibrium  between  the  vv  and  v3  vibrational  modes  in  C02  is  assumed 


Figure  3.6  Block  diagram  of  the  energy 
transport  in  the  optically 
pumped  DF  C02  transfer 
laser 

Refer  to  comments  in  the  text 


because  of_the  strong  Fermi  reson¬ 
ance,  and  Ni  and  N2  are  therefore 
gathered  in  one  block.  The  circular 
area  represents  the  electromagnetic 
energy  of  the  C02  laser  field  in  the 
laser  resonator. 

Collisional  energy  exchange  occur 
among  the  vibrational  modes  (solid 
arrows)  or  between  the  vibrational 
modes  and  the  T/R  degrees  of  free¬ 
dom  (dashed  arrows).  The  open  ar¬ 
rows  represent  energy  exchange  with 
the  pumping  laser  field  and  with  the 
C02  laser  field.  The  dotted  arrow  re¬ 
presents  the  energy  loss  of  the  C02 
laser  resonator  field  due  to  output 
coupling,  absorption  and  scattering  in 
mirrors  etc.  Note  that  dashed  arrows 
are  connected  with  the  solid  arrows 
between  the  v4  and  v3  modes  and  be¬ 
tween  the  v3  and  i>,  /v2  modes.  These 
indicate  that  the  energy  defects  of  the 
V-V  processes  must  be  exchanged  with 
the  T/R  energy. 


It  should  be  noted  that  all  the  energy  exchange  processes  (except  radiation  energy 
losses  in  the  resonator)  are  influenced  by  changes  in  the  T/R  temperature  T.  T  will 
obviously  increase  during  the  laser  process,  and  the  effects  of  such  an  increase  are 
discussed  in  section  3.2.6.  The  time  dependence  of  T  has  been  found  approximately 
in  the  computer  simulations,  but  the  influence  on  the  different  energy  exchange 
processes  has  not  yet  been  taken  into  account,  and  that  will  be  a  source  of  error  in 
the  model. 


Keeping  the  picture  of  Figure  3.6  in  mind  we  proceed  with  a  discussion  of  the 
different  energy  exchange  processes. 

3.2.3  The  pumping  process 

The  radiation  intensity  Ip(^p)  of  a  DF  pumping  laser  line  is  absorbed  by  the  DF  gas 
according  to 


¥e>  +  iMs-M,  ).i  i(„) 
dz  c  at  V  V  V  p' 


(3.21) 


where  the  absorption  coefficient  Op(Vp)  is  given  by 

W  sir  '  B^p)' AuS '(N«  It  -Nu) 


(3.22) 


'Note  that  V-  and  g(lO  are  given  in  units  of  (cm'1)  and  (cm*  )'  respectively. 
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The  expression  (3.22)  is  identical  to  that  of  the  laser  gain  coefficient  defined  by 
equation  (3.12),  with  the  exception  of  the  sign  and  that  all  the  parameters  here  relate 
to  a  DF  absorption  line. 

Since  the  absorption  transitions  are  the  same  as  the  DF  pumping  laser  transitions,  the 
absorption  process  is  inherently  resonant.  The  total  gas  pressure  in  the  pumping  laser 
is  only  0.04  atm,  giving  a  gain  line  width  which  is  very  narrow  compared  with  the  DF 
absorption  line  width  in  the  high-pressure  gas,  and  the  Lorentz  line  shape  factor  g(*'p) 
may  to  a  good  approximation  be  replaced  by  its  value  g(»op)  at  absorption  line 
centre 


gO»p)»g(*op>"ii-  (*-2S) 

r  "ip 

t 'Qp  —  absorption  line  centre  frequency 

7p  —  Lorentz  half  width  at  half  maximum  of  the  absorption  line. 

The  populations  Ng  and  Nu  can  be  expressed  in  terms  of  the  quantities  f?4,  p(J)  and 
p(J— 1)  which  were  discussed  in  section  3.2.2.  At  room  temperature  practically  all 
the  DF  molecules  are  in  the  vibrational  ground  state  (N4^0),  and  only  the  ( 1— *0) 
pumping  lines  will  be  significantly  absorbed.  The  line  centre  absorption  coefficient  for 
a  1P(J)  line  is 


...  1 


8*cv0p 


-au£ 


2J  + 1  l+fl4 


pCJ)- 


Pa-1))'NDF  (3.24)* 


Ndf  —  density  of  DF  molecules. 

Obviously  only  ( 1— K))  DF  laser  lines  can  be  efficient  for  excitation  if  a  single  pum¬ 
ping  line  is  used.  In  multiline  pumping  on  the  other  hand,  the  (2~*T)  and  (3-*-2)  lines 
may  contribute  to  the  excitation  through  cascade  pumping  up  the  DF  vibrational 
energy  ladder  as  was  indicated  in  Figure  3.5.  The  size  of  this  contribution  will 
depend  on  the  intensity  of  the  (1— *0)  lines,  the  absorption  coefficients  and  on  the 
speed  of  the  energy  transfer  from  DF  to  the  COj  v3  mode.  As  explained  previously 
we  have  not  done  any  modelling  of  the  laser  in  the  case  of  multiline  pumping,  but 
our  calculations  of  excitation  with  the  1P(7)  DF  laser  line  indicate  that  the  popula¬ 
tion  in  the  first  excited  DF  vibrational  level  will  typically  be  about  20%  of  that  in 
the  ground  vibrational  level.  This  is  calculated  for  a  10  atm  gas  mixture  at  the  input 
end  of  the  gas  cell  and  at  the  time  of  peak  pumping  power  (see  also  chapter  4).  A 
lower  population  in  the  first  vibrational  level  is  expected  in  the  case  of  multiline 
pumping  because  the  absorption  coefficients  for  the  strongest  (1-K))  lines  are  low  in 
that  case  (see  below).  It  may  therefore  seem  that  the  contribution  to  the  excitation 
from  the  (2-*,l)  and  (3-»2)  lines  will  be  of  minor  importance. 

Einstein  coefficients  and  Lorenz  broadening  coefficients  for  the  1P(5)...1P(10)  transi¬ 
tions  in  DF  have  been  reported  in  (45).  This  is  the  only  work  reporting  such  data  for 
DF.  When  these  data  are  used  in  equation  (3.24),  the  absorption  coefficients  of 
Figure  3.7  are  found  for  the  Lorentz  broadened  lines  of  pure  DF  at  room  tempera¬ 
ture.  These  are  small  signal  absorption  coefficients  (N4%0),  and  we  observe  that  the 
penetration  depths  will  be  typically  1—10  mm.  The  absorption  decreases  with  increas¬ 
ing  J  for  these  lines,  since  the  rotational  population  distribution  has  a  maximum  for 
Js2  in  DF  at  room  temperature.  For  comparison  the  relative  distribution  of  pulse 
energies  in  the  (1-K))  band  of  the  DF  laser  is  also  indicated  in  Figure  3.7  for  the  case 


*  Note  that  Vgp  and  7p  are  given  in  units  of  (cm*1 ). 
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Figure  3. 7  Absorption  coefficients  on  the 
(1  -*•  0)  DF  absorption  Ones 
(dots),  and  relative  pulse  ener¬ 
gies  on  the  (1  -*  0)  DF  laser 
lines  in  multiline  operation 
(circles) 


of  multiline  DF  laser  operation.  The 
1P(9)  and  1P(10)  lines  are  strongest, 
but  the  relatively  low  absorption  coef¬ 
ficients  for  these  lines  reduce  their  ef¬ 
ficiency  in  the  excitation.  Using 
single-line  pumping  we  may  choose  a 
pumping  laser  line  which  is  strongly 
absorbed.  The  1P(7)  line  represents  a 
good  choice  since  it  is  reasonably 
strongly  absorbed  and  because  it  has  a 
relatively  high  output  energy  com¬ 
pared  with  1P(9)  and  1P(10)  in 
single  line  operation.  This  will  be  dis¬ 
cussed  further  in  chapter  5. 

In  the  high-pressure  DF-KX)2  transfer 
laser  the  absorption  lengths  are  con¬ 
siderably  larger  for  two  reasons: 

First,  the  absoiption  coefficients  are 
greatly  reduced  due  to  pressure  broad¬ 
ening  of  the  DF  lines  by  C02  and  He. 
The  Lorentz  half  width  at  half  maxi¬ 
mum  yn  for  a  DF  line  is 


7p  ~  ^DF  'Tdf  +PcOa  Tco2  +PHe  "Thc  ) 


(3.25) 


where 

7df»  Tco2»  Thc  —  specific  Lorentz  broadening  coefficients  for  the  absorption  line 
PDF*  PcOj’  PHe  “  Part*31  pressures 

Compared  with  pure  DF  the  line  centre  absorption  coefficient  is  reduced  by  the 
factor 

Trp(Purc  DF)  PDF^DF 


7p  PdF‘7DF+PC02  7COj+PHe'7He 


Table  3.1  gives  the  relative  contributions  to  for  the  1P(7)  transition  in  DF  due  to 
collisions  with  DF,  C02  and  He.  The  data  are  calculated  for  a  typical  10  atm  laser 
gas  mixture  containing  0.5%  DF,  5%  C02  and  94.5%  He.  Only  theoretical  values  for 
t£o2  have  been  reported  (46),  but  the  values  are  in  good  agreement  with  rough 
spectroscopic  measurement  made  by  ourselves  during  this  work.  has  been  mea¬ 
sured  for  the  1P{8)  line  (47),  and  we  have  only  roughly  estimated  the  value  for  1P(7) 
by  assuming  that  is  the  same  for  1P(7)  as  for  1P(8). 

It  is  important  to  observe  that  y?je  is  as  much  as  60  times  smaller  than  yjjp.  This 
means  that  a  reasonably  strong  absorption  can  be  maintained  even  if  pue  exceeds 
PDF  bY  a  factor  Of  200.  Using  the  data  of  Table  3.1  we  find  that  tne  ratio  of 
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equation  (3.26)  is  approximately  1 ». 
Similar  ratios  could  have  been  calcu¬ 
lated  for  the  other  DF  absorption 
lines,  and  altogether  we  Find  that  the 
absorption  lengths  increase  typically 
from  millimeters  to  centimeters,  due 
to  the  broadening  of  the  lines  by  C02 
and  He. 


The  other  important  reason  for  in- 
Table  3.1  Contributions  from  DF-,  COf  creased  absorption  lengths  is  satu- 

and  He-collisions  to  the  pres-  ration  of  the  absorption  coefficient 

sure  broadened  half  width  at  because  of  the  high  pumping  power 

half  maximum,  yp  of  the  densities.  Figure  3.8a  shows  an  ex- 

1P(7)  DF  absorption  line  (45,  ample  of  a  computer  calculation  made 

46,  47)  of  the  time  behaviour  of  N4  at  the 

input  end  of  the  laser  gas  cell  at  10 
atm  pressure  and  using  the  1P(7)  line 
for  pumping.  N4«0.36  at  the  peak  of  the  pumping  pulse,  and  we  find  from  equation 
(3.24)  that  OL^Op)  is  reduced  by  a  factor  of  3  due  to  saturation.  We  have  then 
taken  into  account  that  p(J=6)»»1.8-p(J=7)  at  T  =  300  K.  In  Figure  3.8b  we  show  the 
calculated  variation  of  the  pumping  radiation  intensity  through  the  10  cm  gas  cell  at 
the  peak  of  the  pumping  pulse,  as  well  as  the  corresponding  unsaturated  absorption 
curve.  In  our  experiments  the  saturation  effects  are  observed  in  a  sharpening  of  the 
pumping  pulse  shape  through  the  gas  cell,  and  this  will  be  discussed  in  chapters  4  and 
6.  It  should  be  noticed  that  the  energy  transfer  from  DF  to  C02  plays  an  important 
role  in  reducing  the  saturation  of  the  absorption,  and  the  energy  transfer  rate  in¬ 
creases  with  increasing  C02  concentration.  Unfortunately  C02  also  severely  broadens 
the  DF  absorption  lines  as  we  can  see  in  Table  3.1  above,  and  it  is  therefore  not  easy 
to  predict  how  a  variation  in  the  C02  pressure  will  influence  the  amount  of  absorbed 
pumping  energy. 
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Figure  3.8  Saturation  effects  in  the  absorption  of  the  pumping  radiation 

a)  The  time  dependence  of  the  average  number  of  excited  vibrational  quanta  per  DF  molecule,  N4. 
The  peak  of  N4  coincides  with  the  peak  of  the  pumping  pulse. 

b)  Variation  of  the  peak  pumping  power  as  a  function  of  the  distance  from  the  input  end  of  the  laser 
gas  cell  (solid  curve).  The  dashed  curve  shows  the  corresponding  dependence  in  the  case  of 
unsaturated  absorption  (small  signal  absorption). 

Further  details  are  given  in  chapter  4. 


The  pumping  radiation  intensity,  Ip,  and  the  average  number  of  excited  vibrational 
quanta  per  DF  molecule,  N4 ,  have  oeen  the  two  important  variables  of  this  section. 
They  are  both  functions  of  time  t  and  position  z  in  the  laser  gas  cell,  and  the 
following  two  differential  equations  for  the  two  variables  go  into  our  mathematical 
laser  model: 


31  ,  31 

— E  +  —  — E  =  _  a- 1 

9z  c  3t  P  r 

N _ •  fj.  *<*_  •  -Ih.  — 

DF  W4  «p  . 


(3.27) 

(3.28) 


Equation  (3.27)  is  the  same  as  equation  (3.21)  at  the  beginning  of  this  section. 
Remember  that  a_  is  a  function  of  as  can  be  seen  in  equation  (3.24)  above.  The 
last  term  of  equation  (3.28)  represents  the  transfer  of  DF  vibrational  quanta  to  the 
C03  v3  mode,  and  that  process  will  be  the  subject  of  section  3.2.4. 

It  should  be  noted  that  we  have  assumed  the  pumping  laser  field  to  be  a  plane  wave 
in  equation  (3.27),  and  this  is  one  of  the  simplifications  in  our  model  which  may  lead 
to  significant  errors  in  the  calculated  results. 


3.2.4  Energy  transfer  from  DF  to  C02 

The  vibrational  energy  transfer  from  the  DF  vibrational  mode  to  the  C02  i>3  mode  is 
obviously  a  critical  process  in  the  laser,  and  the  DF— C02  system  here  possesses  two 
important  advantages  compared  with  most  other  transfer  laser  systems: 

a)  The  energy  transfer  occurs  extremely  fast 

and 


b)  Energy  transfer  back  from  C02  is  unimportant  because  the  energy  defect 
AE  =  hv4— hv3  of  the  process  is  550  cm'1 ,  which  is  2—3  times  larger  than  kT 


The  combination  of  these  two  properties  is  surprising  because  the  transfer  probability 
usually  becomes  small  in  systems  where  AE  substantially  exceeds  kT,  which  is  about 
200  cm*1  at  room  temperature.  The  high  transfer  rate  in  the  DF— C02  system  can  be 
explained  theoretically  by  assuming  that  the  energy  defect  is  converted  to  rotational 
energy  in  the  DF  molecules  (46,48).  It  is  found  that  multiquantum  changes  in  the 
rotational  energy  are  highly  probable  when  the  strong  interaction  between  the  perma¬ 
nent  dipole  moment  of  DF  and  the  quadrupole  moment  of  CO}  is  taken  into  ac¬ 
count.  This  polar  interaction,  which  successfully  explains  the  favourable  DF-KX)2 
transfer  rate,  is  also  responsible  for  relatively  fast  deactivation  of  the  C02  v3  mode  as 
i  discussed  in  section  3.2.5. 

The  energy  transfer  occurs  via  processes  of  the  following  type 

DF(v4  )  +  COj  (00°  v3 )  -*>  DF(v4  -1 )  +  C02  (00°  (v3  + 1 ))  (3.29) 

i 


where 


r, 


v4  >  1  and  v3  >  0 
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Measurements  of  transfer  rates  have  almost  exclusively  been  made  for  the  basic  pro¬ 
cess 

DF(1 )  +  C02  (00°  0)-*DF(0)  +  CO,  (00°  1 )  (3.30) 

We  denote  the  transfer  rate  constant  for  this  process  by  kj,  and  the  average  of 
several  reported  values  yields  kj**l,5-108  s*1  -atm"1  (44,48).  In  our  laser  gas  mixtures 
the  CO]  partial  pressure  is  typically  0.5  atm.  This  gives  a  transfer  time  of  about 
13  ns,  which  is  much  shorter  than  the  duration  of  the  pumping  pulse  and  the  C02 
laser  oscillation  build-up  time.  This  means  that  practically  all  the  absorbed  pumping 
energy  is  stored  in  the  C02  v3  mode  at  any  moment  in  die  build-up  period,  ensuring 
high  laser  gain.  The  rate  constant  kj  is  among  the  highest  that  have  been  reported  for 
V— V  energy  transfer  between  two  different  types  of  molecules  in  the  gas  phase.  For 
comparison  it  can  be  mentioned  that  the  well-known  N2-*C02  transfer  in  electric 
discharge  excited  C02  lasers  is  ten  times  slower  (49). 

When  the  molecules  become  highly  excited,  the  general  processes  of  equation  (3.29) 
must  be  taken  into  account.  If  the  two  vibrational  modes  are  regarded  as  harmonic 
oscillator  modes,  it  is  still  possible  to  describe  the  transfer  process  by  simple  mathe¬ 
matical  expressions  (27).  The  relevant  equations  for  the  DF— C02  system  are  discus¬ 
sed  in  Appendix  C  and  it  is  found  that  the  transfer  can  be  described  by  the  following 
rate  equations  in  N4  and  N3  : 

(3.31) 

(3-32) 


Here 

k-f  -  •  (1+N3)  ‘Pco2 

=  fC(AE,  N„  T) 

Pdf*  Pco2  —  partis  pressures 


We  observe  that  the  process  accelerates  as  ft3  increases,  and  this  is  a  consequence  of 
the  fact  that  the  probability  of  process  (3.29)  increases  with  increasing  vibrational 
quantum  numbers  (27). 

Assuming  that  the  energy  exchange  between  the  two  modes  is  fast  compared  with 
other  processes  that  bring  energy  into  or  out  of  the  modes,  an  equilibrium  between 
the  modes  can  be  established  for  R4  =Nf(AE,  T,  N3).  The  equilibrium  values  of  R4 
and  N3  are  related  by 


^3  -  Nf  ,  ekT 

1+PJ3  1+N4 


(3.33) 
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Figure  3.9  Equilibrium  values  of  N3  and 
in  the  internal  V—  V  energy 
exchange  between  the  DF 
vibrational  mode  and  the  C02 
v3  mode 


The  Boltzman  factor  comes  in  as  the 
ratio  of  the  forward  and  reverse  trans¬ 
fer  probabilities.  At  T  =  300  K  the 
equilibrium  value  of  R3  greatly  ex¬ 
ceeds  that  of  f?4  as  illustrated  by  the 
curve  in  Figure  3.9.  In  fact  can 
never  be  greater  than  about  0.08  at 
equilibrium. 

In  our  laser,  equilibrium  between  N3 
and  R4  is  never  established  due  to  the 
strong  pumping  of  energy  into  the  DF 
vibrational  mode.  N4  is  then  always 
much  greater  than  N4e  which  can  be 
ignored  in  the  equations.  The  right 
side  of  equation  (3.31)  then  gives  the 
last  term  of  equation  (3.28)  of  the 
preceding  section. 

It  can  be  concluded  that  the  extreme¬ 
ly  high  transfer  rate  and  the  negligible 
equilibrium  value  N4e  are  important 
factors  which  ensure  high  C02  laser 
gain,  making  this  transfer  laser  system 
very  attractive  for  high-pressure  opera¬ 
tion. 


3.2.5  Energy  relaxation  processes 

In  this  section  we  discuss  the  various  V— V  and  V— T/R  relaxation  processes  that 
occur  in  the  gas  simultaneously  with  pumping,  energy  transfer  and  C02  laser  oscil¬ 
lation.  The  processes  were  indicated  in  Figure  3.6,  and  they  are  obviously  all  detri¬ 
mental  to  COa  laser  action  with  the  exception  of  the  V— T/R  relaxation  of  the 
and  v2  modes.  It  should  be  noted  that  the  relaxation  rate  k„  for  any  of  these 
processes  is  the  sum  of  contributions  from  collisions  with  each  of  tne  three  gases 


kX  =  Pdf  ■  kx,DF  +Pc02  ’  kx,C02  +  PHe  'kX,He  (3.34) 


where 

kx,M  —  specific  rate  constant  for  process  x  due  to  collisisions  with  molecule  M 

In  the  following  we  shall  discuss  the  relaxation  kinetics  for  a  typical  10  atm  laser  gas 
mixture  of  0.5%  DF,  5%  C02  and  94.5%  He. 

The  V— T/R  relaxation  rate  of  the  DF  vibrational  mode  is  exceedingly  small  (44) 
compared  with  the  transfer  rate  into  the  C02  v3  mode,  and  it  will  therefore  be 
ignored  in  the  model.  Likewise,  direct  V— T/R  relaxation  of  the  C02  v3  mode  is  slow, 
and  it  is  usually  assumed  that  V— V  transfer  to  the  and  v2  modes  is  responsible  for 
the  nonradiative  decay  of  the  v3  mode  (50).  The  following  decay  processes  for  the 
C02  v3  mode  are  usually  considered  as  most  important: 


C02<00°Vj)  +  M-*^ 


COj(ll1  (v3— 1)) 
orCO2(03,(v3— 1)) 


>  +  M 


(3.35) 


where 


M  =  DF,  C02  or  He 

The  energy  defects  of  these  processes  are  300—400  cm*1 .  To  avoid  serious  loss  of 
excitation  energy  during  the  laser  oscillation  build-up  period  the  decay  time  of  the  v3 
mode  should  be  longer  than  the  laser  oscillation  build-up  time. 

In  a  similar  way  as  for  the  transfer  rate  kT  of  section  3.2.4  we  might  have  included  a 
dependence  of  and  *n  the  decay  rate  of  the  v3  mode  (27).  However,  harmonic 
oscillator  theory  must  be  used  in  the  derivation  of  the  theoretical  dependence,  and 
since  the  levels  (11*  (v3  — 1))  and  (03 1  (v3— 1))  are  actually  strongly  mixed  Fermi  reso¬ 
nance  levels  (see  section  3.1.1),  we  feel  that  the  simple  theory  becomes  questionable. 
We  have  therefore  chosen  to  use  a  fixed  decay  rate  which  we  denote  kD3  in 
our  model. 

The  contributions  to  kD3  from  collisions  with  DF,  C02  and  He  for  the  typical 
10  atm  laser  gas  mixture  are  given  in  Table  3.2. 


We  observe  that  DF  is  a  serious  source 
of  deactivation,  and  the  explanation 
for  the  large  rate  constant  is  the  same 
as  for  the  DF-*C02  eneigy  transfer: 
Strong  interaction  between  the  perma¬ 
nent  dipole  moment  of  DF  and  the 
quadrupole  moment  of  C02  allows 
multiquantum  changes  in  the  rotatio¬ 
nal  energy  to  occur,  and  this  compen¬ 
sates  for  the  energy  defect  of  the  pro¬ 
cess.  Even  with  only  0.5%  DF  in  the 
gas  mixture,  collisions  with  DF  contri¬ 
bute  with  about  50%  to  the  total  re¬ 
laxation  rate  of  the  v3  mode.  The  re¬ 
sulting  decay  time  in  the  1 0  atm  mix¬ 
ture  is  about  670  ns,  which  is  three 
times  longer  than  the  shortest  build-up 
times  that  we  have  obtained  in  our 
experiments.  There  should  thus  be  relatively  small  decay  losses  in  the  build-up  period. 
The  advantage  of  using  He  as  a  buffer  gas  at  high  operating  pressures  is  noticable, 
since  the  decay  rate  constant  for  He  collisions  is  only  1/4  of  that  for  C02  collisions. 

A  final  rate  equation  for  P73  may  now  be  presented  which  includes  the  energy 
transfer  from  DF,  nonradiative  decay  of  the  v3  mode  and  the  stimulated  emission 


rate  out  of  the  v3  mode  due  to  C02  laser  oscillation 

NCOj  '  ^3 

*kT-NDF -N4  -kD3  -NCOj  -Nj  -«L  ~ 

L 

(3.36) 

where 

“l  - 

C02  laser  gain  coefficient 

<L  ~ 

C02  laser  intensity 
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Table  3.2  Contributions  from  DF-,  C03- 
and  He-collisions  to  the  decay 
rate  Am  of  the  C03  v3  mode 
(44,  48,  51) 
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The  gain  coefficient  aL  depends  on  Nt,  R2  and  f?3  (see  section  3.1.4)  while  kT 
depends  on  f?3  (see  section  3.2.4).  Note  that  all  Nj  are  functions  of  time  and  of  the 
position  in  the  gas  cell.  In  section  3.2.7  we  shall  assume  that  IL  is  a  function  of  time 
only. 

The  last  of  the  important  relaxation  processes  in  the  laser  gas  is  V-*T/R  decay  of  the 
vx  and  v2  modes.  In  some  earlier  extensive  models  for  electrical  discharge  excited 
C02  lasers  (27,  52)  it  has  been  assumed  that  a  very  fast  but  finite  V— V  transfer  rate 
kj  2  couples  the  vt  and  v2  modes.  During  this  energy  exchange  process  the  two 
modes  are  assumed  to  decay  with  V-^T/R  rates  kDJ  and  kD2  respectively.  In  our 
opinion  this  gives  a  questionable  picture  of  the  decay  processes.  As  pointed  out 
previously  the  vx  and  v2  modes  are  strongly  coupled  through  the  Fermi  resonance, 
and  the  resulting  energy  states  are  mixtures  of  the  pure  states  of  the  two  modes.  The 
value  that  has  been  used  for  kj  2  is  based  upon  measurements  of  the  energy  transfer 
rate  between  the  two  mixed  levels  (10°0,  02°0)I  and  (10°0,  02o0)tI  (the  notation 
was  explained  in  section  3.1.1).  It  seems  obvious  to  us  that  this  rate  cannot  be 
regarded  as  a  transfer  rate  between  the  vx  and  v2  modes.  In  our  opinion  the  only 
reasonable  assumption  is  that  of  a  common  vibrational  temperature  Ti  =T2  for  the 
two  modes.  If  this  assumption  is  doubted,  we  feel  that  the  model  with  characteristic 
vibrational  temperatures  will  no  longer  be  valid,  and  rate  equations  for  the  popu¬ 
lations  in  all  the  involved  vx  and  v2  levels  should  be  included  in  the  model.  As 
pointed  out  in  section  3.1.3  recent  measurements  indicate  that  Tt  =  T2  is  a  good 
approximation  for  electrical  discharge  excited  C02  lasers,  and  we  shall  therefore 
assume  an  instantaneous  Boltzmann  distribution  at  the  common  temperature  in  the 
v\lvi  vibrational  manifold. 

The  separate  relaxation  rates  kD1  and  kD2  are  not  meaningful  in  this  model,  and  a 
closer  study  of  the  earlier  models  shows  that  only  kD2  has  been  measured  experi¬ 
mentally.  We  shall  assume  that  the  decay  occurs  with  the  rate  kD2  via  conversion  of 
v2  quanta  to  T/R  energy. 

It  is  useful  to  introduce  the  quantity 

| 

Ni3=Nr+-y  (3.37) 


which  denotes  the  average  number  of  ’’equivalent”  excited  vx  quanta  stored  in  the  vx 
and  v2  modes  per  C02  molecule.  We  have  then  used  the  approximation  that 
hi>1=2hi>2,  so  that  two  v2  quanta  are  ’’equivalent”  to  one  vx  quantum.  In  this  ap¬ 
proximation  and  with  Tj  =  T2  we  find  the  following  relations: 


[4R12  —  1  — (4Nl2l  -h  8NI2  +  l)*/:*  ]  (3.38a) 

N2  -J[2R1,-1  +  (4R11>  +  8RI2+1)“J 


(3.38b) 
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A  single  rate  equation  in  Nj  2  can  now  replace  two  rate  equations  in  FT,  and  J?2 : 


^COj  =  ^'^D3  ‘^COj  ‘^3  —  ^D2  ■^C02"^13  — ^12C)  +  0!l  ‘  (3.39) 


where 

N12e  —  equilibrium  value  of  N12  at  the  T/R  temperature  T. 

The  factor  3/2  in  the  second  terms  arises  from  the  fact  that  3/2  equivalent  excited 
quanta  are  produced  in  the  process  (3.35).  Knowing  the  time  dependence  of  N j  2,  Ni 
and  Sf2  can  be  calculated  from  equation  (3.38),  and  these  values  are  in  turn  used  in 
the  calculation  of  the  gain  coefficient  aL. 
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Table  3.3  Contributions  from  C02-  and 
He-collisions  to  the  decay  rate 
kD2  °f  Me  C02  vx  and  v2 
modes  (27) 

The  contribution  from  DF  is  not 
known 


The  contributions  to  the  relaxation 
rate  kD2  from  collisions  with  C02 
and  He  are  given  in  Table  3.3.  The 
contribution  from  collisions  with 
DF  is  unknown,  and  has  been  neg¬ 
lected  in  our  model.  The  decay 
time  becomes  about  40  ns  for  the 
typical  10  atm  laser  gas  mixture, 
which  is  about  15  times  shorter 
than  the  decay  time  of  the  v3 
mode.  The  favourable  role  of  He  as 
a  deactivator  for  the  v2  and  v2 
modes  should  be  observed. 


3.2.6  The  influence  of  a  time-dependent  translational/rotational  temperature 

In  the  preceding  sections  we  have  seen  that  energy  is  transferred  to  the  T/R  degrees 
of  freedom  via  direct  V-*T/R  relaxations  and  via  energy  defects  in  the  V— V  exchange 
processes.  An  increase  in  the  T/R  temperature  T  must  therefore  be  expected,  and  this 
will  have  significant  influence  on  several  parameters  in  our  laser  model.  At  present 
our  computer  model  has  not  been  extended  to  account  for  the  influence  of  an 
increased  T,  but  approximate  time  dependences  of  T  are  found  in  the  calculations. 
The  result  of  such  a  calculation  for  a  typical  10  atm  gas  mixture  at  the  input  end  of 
the  gas  cell  is  shown  in  Figure  3.10.  The  rapid  increase  in  T  from  about  250  ns  after 
the  start  of  the  pumping  pulse  coincides  with  the  peak  of  the  C02  laser  pulse.  The 
molecules  are  then  brought  rapidly  into  the  vx  and  v2  modes  by  stimulated  emission, 
and  fast  V-*T/R  decay  of  these  modes  causes  a  rapid  increase  in  T.  The  temperature 
increase  is  very  modest  in  the  laser  oscillation  build-up  period,  while  the  increase  is 
more  than  100  K  at  the  end  of  the  laser  process.  It  will  be  shown  at  the  end  of  this 
section  how  the  approximate  time  dependence  of  T  is  calculated,  and  further  results 
will  be  presented  in  chapter  4. 
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The  most  important  effects  of  a  tempera¬ 
ture  increase  AT  are  the  following: 

a)  The  population  probabilities  p(j)  of 
the  rotational  levels  depend  on  T,  and 
a  larger  T  favours  population  of  higher 
J-levels.  An  increase  of  AT  =  100  K 
leads  to  a  5—15%  reduction  of  p(J)  for 
J  =  16—22  in  C02.  The  reduction  in 
the  gain  for  the  strong  P(16)— P(22) 

C02  laser  lines  due  to  this  effect  is 
therefore  not  very  serious.  On  the 
other  hand  p(J=7)  in  DF  increases 
with  about  55%  for  AT  =  100  K.  This 
leads  to  considerably  stronger  absorp¬ 
tion  of  the  1P(7)  DF  laser  line,  which 
has  been  used  in  our  single-line  pump¬ 
ing  experiments. 

b)  The  specific  Lorentz  broadening  coeffi¬ 
cients  are  proportional  to  T"0-5  (41), 
while  the  gas  pressure  is  proportional  to 
T,  giving  a  T0-s  dependence  of  the 
Lorentz  linewidths.  The  exact  influence  on  the  C02  laser  gain  is  difficult  to 
predict  due  to  the  complexity  of  the  high-pressure  gain  spectrum  as  discussed  in 
section  3.1.5.  The  value  of  the  line  shape  factor  g(t'op)  at  the  DF  absorption  line 
centres  (see  equation  (3.23))  is  proportional  to  T"0-5  ,  and  this  will  reduce  the 
effect  of  increased  population  in  the  rotational  levels  which  was  discussed  in  a) 
above. 

c)  There  is  generally  an  inverse  temperature  dependence  in  the  rates  of  all  the 
energy  exchange  processes  that  we  have  discussed.  The  rates  k-p,  and  kD2 
decrease  with  about  30—50%  for  AT  =  100  K  (44,  27).  Theoretical  calculations 
(35)  also  show  that  a  reduction  of  30%  in  the  internal  V— V  relaxation  rate  of 
the  C02  v3  mode  should  be  expected.  The  smaller  k-p  should  lead  to  a  slightly 
longer  laser  oscillation  build-up  time,  but  this  effect  may  be  compensated  for  by 
the  slower  decay  of  the  r»3  mode.  Slower  energy  transfer  may  also  lead  to  more 
pronounced  saturation  effects  in  the  pumping  process.  A  reduced  decay  rate  kp2 
will  result  in  higher  population  in  the  lower  laser  level,  which  leads  to  lower 
laser  gain. 

d)  The  equilibrium  values  N4e  of  the  transfer  process  (equations  (3.31)  and  (3.32)) 
and  N!2e  of  the  decay  of  the  p,  and  v2  modes  (equation  (3.39))  will  both 
increase  for  higher  T.  However,  a  AT  of  100  K  will  not  aifect  the  equilibrium 
populations  seriously. 

e)  A  more  serious  effect  than  those  discussed  above  may  be  the  occurrence  of 
pressure  waves  in  the  gas  following  the  rapid  increase  in  the  gas  temperature. 
This  may  lead  to  refractive  index  gradients  in  the  gas  and  substantial  distortions 
of  the  laser  resonator  mode.  The  speed  of  sound  in  the  gas  will  be  about  1  mm 
per  M*  at  T  =  300  K  and  with  5%  C02  and  94.5%  He  in  the  mixture.  This  means 
that  a  pressure  wave  which  starts  early  in  the  pumping  process  has  travelled  a 
distance  of  about  1  mm  at  the  end  of  the  pumping  pulse  which  has  a  total 
length  of  more  than  1  ps.  The  width  of  the  laser  resonator  mode  is  approximate¬ 
ly  1.5  mm  in  our  experiments,  and  it  is  therefore  clear  that  the  effect  of  press¬ 
ure  waves  may  be  important.  We  have  not  made  any  further  theoretical  analysis 
of  this  effect,  but  observations  made  in  our  measurements  of  the  laser  gain  seem 
to  confirm  that  pressure  waves  may  play  a  significant  role.  This  will  be  discussed 
further  in  chapter  6.  We  have  also  observed  that  the  tails  of  the  measured  C02 


Figure  3.10  Increase  in  the  translatio¬ 
nal/ rotational  temperature 
T  during  the  laser  process. 
The  time  of  peak  C02  laser 
power  is  indicated. 
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laser  pulses  are  shorter  than  those  calculated  theoretically,  and  this  may  be  due 
to  the  same  effect.  A  discussion  of  the  importance  of  pressure  waves  in  pulsed 
gas  lasers  can  be  found  in  (53). 

The  total  influence  on  the  laser  performance  from  all  the  effects  mentioned  above 
can  only  be  predicted  by  taking  them  all  into  account  in  the  computer  model.  This 
has  not  been  done,  and  it  is  therefore  difficult  to  draw  any  further  conclusions.  An 
estimate  of  the  importance  of  the  effects  a)  —  d)  can  be  made  by  performing  the 
calculations  at  a  fixed  higher  temperature.  The  result  of  such  a  calculation  for 
T  =  400  K  will  be  presented  in  chapter  4.  It  shows  relatively  small  deviations  from  the 
results  obtained  at  T  =  300  K  except  for  an  increase  in  the  laser  oscillation  build-up 
time.  The  conversion  efficiency  is  not  significantly  altered.  Personally  we  feel  that 
the  occurrence  of  pressure  waves  will  be  the  most  serious  effect  of  the  increased  gas 
temperature. 

It  should  be  noted  that  optical  pumping  is  the  excitation  method  which  provides  the 
lowest  increase  in  the  gas  temperature  for  a  given  excitation  energy,  because  the  laser 
molecule  can  be  pumped  selectively  into  the  desired  levels.  In  electrical  discharge 
excitation  of  C02  lasers  a  substantial  part  of  the  energy  is  pumped  directly  into  the 
V\  and  v2  modes.  These  modes  decay  rapidly,  resulting  in  a  faster  increase  in  T. 

We  will  now  show  how  the  approximate  time  dependence  of  T  was  calculated. 

The  T/R  energy  density  of  the  gas  at  the  temperature  T  is 

UT/r(T)  =  (^Ndf  +  ^NCq2  +  ^-Njje)  •  kT  (3.40) 

where 

Njjf»  Nc02,  Njje  —  density  of  molecules/atoms. 

Assume  that  we  start  at  T  =  T0  =  300  K.  We  then  have  that  kT„  2s  208  cm*' .  The 
following  expression  gives  the  amount  of  energy  AUT/rR  (t)  that  has  been  transferred 
to  translation/rotation  at  the  time  t  (pumping  is  assumed  to  start  at  t  =  0) 

^^T/r(*)  %  J  kT0(2.6  -kj  ‘Njjp  *N4  + 

1.7  *kD3  -Nj  + 

6.4  •  kD2  •  NC02  •  (N» 2 -N,  2e))dt  (3.4 1) 

The  three  factors  2.6  kT0,  1.7  kT0  and  6.4  kT0  are  the  energy  defects  involved  in  the 
energy  transfer  from  DF  to  C02  and  in  the  decay  of  the  v3  mode  and  of  the  /v2 
modes  respectively.  We  then  find  the  time  dependence  of  T 

T(t)  =  T0(l+-^m^)  (3.42) 

'-)T/R'  lo  > 

The  calculations  are  only  approximate  because  the  temperature  dependence  of  the 
parameters  mentioned  under  the  items  a)  —  d)  above  has  been  neglected.  Since  the 
speed  of  the  different  processes  decreases  with  increasing  T,  we  believe  that  the 
calculated  temperature  increase  is  somewhat  overestimated. 
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3.2.7  Time  evolution  of  the  laser  intensity 

The  rate  equation  for  the  time  evolution  of  the  C02  laser  intensity  will  be  the  last 
equation  in  our  laser  model.  We  shall  use  the  picture  of  Figure  3.11  which  shows 

schematically  the  laser  gas  cell  and 
the  laser  mirrors  Mt  and  M2.  M, 
"j  h.a«  »*vc  is  the  output  coupler  with  trans¬ 

mission  factor  T  OUT  at  ^^2 
laser  frequency.  The  cavity  length 
and  the  gas  cell  length  are  Lc  and 
La  respectively.  The  laser  reso¬ 
nator  mode  will  usually  be  a 
TEM00  Gaussian  mode,  but  we 
simplify  the  picture  by  assuming 
that  the  laser  Held  consists  two 
plane  counter-propagating  waves 
between  the  cavity  mirrors.  We 
also  make  the  approximation  that  the  laser  field  is  constant  along  the  resonator  axis  so 
that  it  only  evolves  as  a  function  of  time.  The  equation  for  the  time  dependent  laser 
intensity  IL(t)  inside  the  resonator  can  then  be  written  as 


transmittance  Tqut 


Figure  3.11  COi  laser  resonator  and  laser 
field  used  in  the  theoretical 
model 


iL(t)  -  c-|«L(t)  +  ^--ln(l-CR)|.IL(t) 


(3.43) 


where 

/v_  / *\  rr  1 


c*L(t)  =  —  /  <*L(z,t)dz  —  average  gain  coefficient  between  Mi  and  M2 
LC  0 


2Lf 


ln(l  —  fiR)  —  average  loss  coefficient 

fiR  —  loss  fraction  per  cavity  round-trip  due  to  output 

coupling,  scattering  in  mirrors  and  windows,  diffrac¬ 
tion  losses  etc. 

The  output  intensity  from  the  laser  is  found  by  multiplying  IL(t)  with  half  the 
output  coupling  _0.VIX 

r  _  TOUT  . 

1OUT  “2  lL 


(3.44) 


is  used  because  only  one  of  the  two  counter-propagating  waves  is  coupled 
out  at  the  time. 


Equation  (3.43)  completes  our  mathematical  laser  model. 


3.3  Summary  of  the  laser  model 

In  this  section  we  make  a  summary  of  the  mathematical  laser  model  with  its  main 
assumptions  and  approximations. 

The  rate  equations  which  describe  the  energy  flow  in  the  optically  pumped  DF-*C02 
transfer  laser  are  given  below.  Each  term  in  the  equations  is  marked  with  a  number 
®  which  relates  to  a  process  in  the  energy  flow  diagram  shown  in  Figure  3.12.  The 
diagram  is  similar  to  that  of  Figure  3.6,  but  processes  which  have  been  ignored  in  the 
model  are  left  out  in  Figure  3.12.  The  rate  equations  are  the  following  (the  equations 
are  numbered  with  their  original  equation  numbers  in  the  text): 
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3IP  1  3IP 

3z  +  c  3t  *  V1? 


(S.27) 


Ndf‘^4  -Clp‘j“ - ^T*^DF"^4  (3.28) 


NCo2-*3  =  ‘^DF ‘^4  —  -N3  —  aL  (3.36) 


NC02  Nii  =  \  ^D3  ‘  ^COj  ‘^3  —  ^D2  ’^COj  ‘(^ii  ~ ^12C) +  aL  ‘T~  (3.39) 


iL  =  c.aL.IL+^-.ln(l-«R)IL  (3-43) 


t/NIWMT  IfffttyiM 


Figure  3.12  The  energy  flow  in  the  optically 
pumped  DF  C02  transfer  laser 
The  number*  in  circlei  indicate  the  correspondance  with 
tenns  in  equations  (3.27)  ...  (3.43)  in  the  text 


The  variables  Ip,  otp,  aL,  f?4,  5T3 , 
N12,kT  are  air  functions  of  t  and 
z  (position  along  the  resonator 
axis),  while  II  and  are  func¬ 
tions  of  t  only.  Remember  that 
Op,  Or  and  kT  are  functions  of  the 
Nj.  Nn  =  f5t+  N2/2 ,  and  and 
N2  are  explicit  functions  of  PT12 
for  a  common  vibrational  tempe¬ 
rature  Tj  =  T2  of  the  vx  and  v7 
C02  vibrational  modes  (see  equa¬ 
tion  (3.38)). 

The  pumping  radiation  intensity 
Ip  (z  *  0,  t)  at  the  input  end  of 
tne  gas  cell  will  be  used  as  an 
input  to  the  equations  in  the  com¬ 
puter  calculations.  Initial  values  of 
all  the  other  variables  will  be  ther¬ 
mal  equilibrium  values  at 
T  =  300  K. 


The  main  assumptions  and  approximations  in  the  laser  model  are  the  following: 

a)  Statistical  equilibrium  at  a  common  temperature  T  always  exists  within  the 
translational  and  rotational  degrees  of  freedom  in  DF,  C02  and  He  (sec  sec¬ 
tions  3.1.3  and  3.2.2). 

b)  Statistical  equilibrium  always  exists  within  each  of  the  vibrational  modes  in  DF 
and  C02,  with  a  characteristic  vibrational  temperature  Tj  for  mode  number  i. 
This  assumption  is  questionable  with  respect  to  the  DF  vibrational  mode  where 
the  internal  V— V  relaxation  rate  is  in  the  same  order  of  magnitude  as  the 
pumping  rate  and  energy  transfer  rate  to  C02  (sections  3.1.3  and  3.2.2). 
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c)  T(  =  T2  is  assumed  because  of  the  strong  Fermi  resonance  coupling  between  the 
?!  and  v2  modes  in  C02  (sections  3.1.3  and  3.2.5). 

d)  Decoupling  of  the  rotational  and  vibrational  partition  functions  and  ideal  harmo¬ 
nic  oscillator  vibrational  modes  are  assumed  in  the  calculation  of  the  population 
probabilities  (sections  3.1.3  and  3.2.2). 

e)  Several  energy  exchange  processes  which  are  assumed  to  be  of  minor  importance 
are  ignored  (section  3.2.5). 

f)  The  influence  of  a  time  dependent  T/R  temperature  T  on  several  parameters  in 
the  laser  model  has  been  discussed,  but  it  is  neglected  in  the  computer  model. 
The  errors  that  occur  because  of  this  approximation  are  difficult  to  predict,  but 
they  seem  not  to  be  serious  (section  3.2.6  and  chapter  4). 

g)  The  influence  of  pressure  waves  has  not  been  taken  into  account  in  the  model, 
and  this  may  be  a  serious  limitation  (section  3.2.6  and  chapter  6). 

h)  The  C02  laser  field  is  assumed  to  consist  of  two  counter-propagating  plane 
waves  which  experience  an  average  gain  and  an  average  loss  per  unit  time.  Varia¬ 
tions  in  the  laser  intensity  along  the  resonator  axis  are  neglected  (section  3.2.7). 

The  pumping  laser  field  is  also  assumed  to  be  a  plane  wave  (section  3.2.3). 

i)  The  contributions  to  the  C02  laser  gain  from  line  overlapping  and  from  the 
sequence  bands  are  taken  into  account  in  the  model  (section  3.1.5). 

j)  The  influence  of  interactions  between  overlapping  C02  laser  lines  has  not  been 
analysed  (section  3.1.5). 

k)  The  fine  structure  of  the  sequence  bands  is  ignored  in  the  calculation  of  their 
contribution  to  the  C02  laser  gain  (section  3.1.5). 


The  two  last  effects  will  be  important  for  the  frequency  tuning  characteristics  of  the 
laser.  Finally  it  should  be  mentioned  that  only  single  line  pumping  is  treated  in  the 
calculations. 
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4  COMPUTER  SIMULATIONS  OF  THE  LASER 

In  this  chapter  some  selected  results  from  the  computer  simulations  of  the  laser  will 
be  presented. 

A  complicating  factor  in  the  solution  of  the  equations  is  the  fact  that  several  of  the 
variables  depend  both  on  time  t  and  on  position  z  in  the  laser  gas  cell.  The  gas  cell 
used  in  our  experiments  is  10  cm  long,  and  in  the  computer  calculations  the  z-axis 
has  been  divided  into  eleven  discrete  positions  z  =  0  cm,  z  =  1  cm,  . . .,  z  ■  10  cm  in 
the  gas  cell  (z  -  0  at  the  end  where  the  pumping  radiation  enters  the  gas  cell).  Each 
variable  f(z,  t)  is  then  replaced  by  eleven  new  variables  f(z  =  0,  t),  ....  f(z*10,  t), 
each  of  which  can  be  described  by  a  differential  equation  in  time  only.  In  this 
approximation  the  model  contains  about  80  differential  equations  in  time,  and  these 
have  been  solved  on  a  Nord  10  computer  using  Gear’s  method  for  the  numerical 
solution.  Gear’s  method  is  particularly  well  suited  for  sets  of  equations  where  there 
are  large  variations  in  the  coefficients  of  the  equations,  which  is  the  case  in  this 
problem. 

It  should  be  mentioned  that  the  laser  model  has  become  far  more  extensive  than  we 
intended  when  we  started  to  work  on  it,  and  it  is  clear  that  the  small  Nord  10 
computer  is  not  well  suited  for  the  solution  of  this  large  system  of  equations.  Several 
hours  of  computer  processing  time  is  required  for  each  set  of  input  data  to  the 
program,  and  at  present  the  system  has  only  been  solved  for  a  few  selected  choices  of 
laser  operating  conditions.  It  is  our  intention  to  transfer  the  computer  program  to  a 
larger  computer,  and  that  will  also  allow  further  extentions  of  the  model.  It  will  for 
instance  be  possible  to  take  into  account  the  influence  of  a  time  dependent  T/R 
temperature  T  on  the  different  parameters  in  the  model  as  discussed  in  section  3.2.6. 

In  all  the  calculations  it  has  been  assumed  that  the  1P(7)  DF  laser  line  is  used  for 
pumping,  and  a  pumping  pulse  shape  of  the  following  type  has  been  chosen 

h  ‘  I„p-(e"M-e'M)  (4.1) 

where 

k,  *  2.5  •  106  s*1 
k2  *  1.0-  10a  s*' 

This  pulse  shape  reproduces  the  envelope  of  the  experimental  pulse  fairly  well  (see 
section  5.2.2).  Igp  is  a  variable  input  parameter  to  the  program,  and  in  most  of  the 
calculations  it  has  been  assumed  that  Igp  =  1.4-1026  photons-cm*2  -s'1 .  This  corres¬ 
ponds  to  a  pumping  energy  of  60  mj  distributed  uniformly  over  a  0.02  cm2  cross- 
section.  60  mj  is  a  typical  value  for  the  pumping  energy  used  in  the  experiments.  The 
beam  cross-section  has  only  been  roughly  estimated.  It  should  be  emphasized  that  our 
assumption  of  a  plane  pumping  wave  of  uniform  intensity  may  lead  to  significant 
errors  in  the  calculated  results,  but  this  has  not  been  analyzed  further.  (See  chapter  5 
for  further  details  about  pumping  energies  and  beam  cross-sections.) 

All  the  examples  are  given  for  10  atm  C02  laser  gas  mixtures,  assuming  that  the  C02 
laser  oscillates  on  the  R(18)  line  at  975  cm*1.  The  values  of  several  parameters  in  the 
equations  have  been  given  in  section  3.2,  and  these  are  summarized  together  with 
other  necessary  data  in  Appendix  D.  Apart  from  Igp  the  main  input  parameters  to 
the  program  are  the  round  trip  resonator  losses  2r,  the  output  coupling  Tq^t  and 
the  partial  pressures  p^f ,  Pco2  and  PHe* 


48 


The  following  variables  are  calculated  in  the  simulations: 

Ip  (z,  t)  —  pumping  radiation  intensity  (photons  •  cm*1  •  s*1 ) 

IL(t)  —  C02  laser  intensity  (photons-cm*3  -s*1 ) 

Wr  (4)  “  HP1  •  (Photons  •  cm'2  •  *' 1 ) 

Nj(z,  t),  i=l, .  •  4  —  average  number  of  excited  Vj  quanta  per  molecule 
a(z,  t)  —  COj  laser  gain  coefficient  (%  per  cm) 

a(t)  —  average  gain  coefficient  (%  per  cm) 

T(z,  t)  —  the  T/R  temperature  (K) 

Tj  —  quantum  efficiency  (/IQUT(t)dt  :  /Ip(t)dt) 

The  intensities  are  given  in  units  of  (photons-cm*2- s*1 )  because  we  then  get  a  direct 
picture  of  the  quantum  efficiency  when  comparing  Ip(t)  and  loUT  (l)-  T  =  300  K  is 
chosen  as  initial  gas  temperature,  and  initial  values  of  &  are  calculated  at  this  tempe¬ 
rature.  It  is  assumed  that  C02  laser  oscillation  starts  from  one  photon  which  is 
emitted  spontaneously  in  the  z-direction  of  the  laser.  The  initial  value  Il(0)  is  taken 
as  the  intensity  of  a  laser  field  which  has  the  energy  of  one  C02  laser  photon 
distributed  uniformly  in  the  laser  resonator  mode. 

In  Figure  4.1  we  present  some  examples  of  the  calculated  time  dependences  of  the 
variables.  Variables  which  depend  on  z  are  only  given  for  z  =  0  as  indicated  in  the 
figure.  The  calculations  are  made  for  a  10  atm  gas  mixture  containing  0.6%  DF,  5% 
C02  and  94.4%  He,  and  for  £R  =6%,  Tqut  =  3.5%  and  I0p  =  1.4-1026  photons- 
cm*2 -s*1.  Unless  otherwise  stated  8R,  Tqux  and  I0p  will  have  the  same  values  for  all 
examples  in  this  chapter.  Tqut  58  3.5%  corresponds  to  the  output  coupling  used  in 
our  experiments,  and  this  leaves  2.5%  for  other  resonator  losses  (£R—  Tqut  =  2.5%). 

It  is  observed  that  the  build-up  time  of  IouT  *s  about  220  ns,  and  the  peak  of  Iout 
exceeds  the  peak  of  IP  by  a  factor  of  2.  The  quantum  efficiency  tj  is  about  46%,  and 
it  can  be  mentioned  that  most  of  the  reduction  in  quantum  efficiency  is  due  to  the 
loss  factor  £R—  Tqut  =  2.5%.  The  maximum  possible  quantum  efficiency  i?max  for  a 
given  £R  can  be  found  by  multiplying  t?  by  the  factor  £r/Tqut  •  This  is  the  quantum 
efficiency  that  would  be  obtained  for  TOUT  **  eR-  In  this  case  we  find  that  t?max  is 
close  to  80%,  showing  that  the  decay  of  the  C02  v3  mode  is  not  critical  for  the 
efficiency. 

The  C02  laser  gain  a  at  z  =  0  is  as  high  as  9%  per  cm  just  before  it  is  saturated  by 
the  C02  laser  pulse.  The  round  trip  gain  2L^-a  at  the  same  point  of  time  is  about 
43%,  showing  that  the  laser  is  excited  far  above  threshold.  It  can  be  observed  that 
equality  between  round  trip  gain  and  round  trip  losses  (2L-a  =  £R  =  6%)  is  established 
during  the  tail  of  the  laser  pulse.  The  saturation  of  the  population  inversion  is  obser¬ 
ved  in  the  rapid  decay  of  a,  2L-a  and  R3  and  in  the  corresponding  rise  of  .  For 
the  maximum  value  of  N3  of  about  0.6  the  laser  gain  including  the  contribution  from 
the  sequence  bands  is  2.6  times  higher  than  the  gain  on  the  regular  laser  bands  (see 
equation  (3.17)).  This  demonstrates  the  importance  of  including  the  sequence  bands 
in  the  theory  of  the  laser.  The  dip  of  N4  is  due  to  the  fact  that  rate  kT  for  the 
energy  transfer  from  DF  to  C02  is  proportional  to  1+N3  (see  equation  (3.31)).  When 
N3  is  depleted  by  the  C02  laser  pulse,  the  transfer  process  slows  down,  and 
increases  for  a  short  period.  A  considerable  saturation  in  the  absorption  of  the  pump¬ 
ing  radiation  will  obviously  occur,  since  N4  is  as  large  as  0.35  —  0.40  at  the  maxi¬ 
mum  (see  also  section  3.2.3). 
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Figure  4.1  Calculated  time  dependences  of  variables  in  the  laser  model 

(Parameter  values  used  in  the  calculations  are  given  in  the  text) 


The  last  vanable  in  Figure  4.1  is  the  T/R  temperature  T  which  increases  by  more 
than  100  K  during  the  laser  process.  As  explained  in  section  3.2.6  the  increase  is 
particularly  fast  in  the  period  of  high  C03  laser  intensity. 

These  calculations  have  been  performed  for  five  different  10  atm  laser  gas  mixtures 
with  the  given  values  of  I0p,  Tout  and  £r.  The  mixtures  are  the  following: 


a) 

b) 

0.4%  DF, 

5.0%  COj, 

94.6%  He 

c) 

0.6%  DF, 

5.0%  C02 , 

94.4%  He  (described  above) 

d) 

1.1%  DF, 

5.0%  COj , 

93.9%  He 

e) 

0.6%  DF, 

2.0%  COj, 

97.4%  He 

t) 

0.6%  DF, 

13.3%  COj, 

86.1%  He 

The  notation  a,  b  ...  is  identical  to  the  notation  used  in  section  6.2  for  the  same  gas 
mixtures  used  in  the  experiments.  No  calculated  data  exist  for  mixture  a  of  sec¬ 
tion  6.2.  Almost  identical  C02  laser  pulse  shapes  Iout  and  quantum  efficiencies  rj 
were  calculated  for  all  these  mixtures,  even  though  there  were  large  differences  in  the 
z-dependences  of  some  of  the  variables.  The  z-dependences  of  Ip,  a  and  T  are  shown 
in  Figures  4.2,  4.3  and  4.4  for  the  points  of  time  when  they  have  their  maxima. 

It  can  be  observed  that  the  pumping  radiation,  is  almost  entirely  absorbed  for  all  the 
gas  mixtures,  and  the  z-dependence  of  Ip  is  reflected  in  the  dependences  of  a  and  T. 
It  appears  that  variations  in  the  COa  partial  pressure  (c,  e,  f)  have  much  smaller 
influence  on  the  variables  than  variations  in  the  DF  partial  pressure  (b,  c,  d).  This 
may  be  explained  by  the  fact  that  while  an  increased  C02  partial  pressure  leads  to 


Figure  4.2  Calculated  z-dependences 
of  the  pumping  radiation 
intensity  7p  at  the  time  of 
maximum  /p 

The  letters  b  ...  f  denote  different  gas  mix¬ 
tures  (see  text) 


Figure  4.3 
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Calculated  z-dependences  of  the 
laser  gain  coefficient  a  at  the 
time  of  maximum  a 
...  f  denote  different  gas  mixtures  (see 
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faster  energy  transfer,  it  also  gives 
lower  absorption  coefficients  for  the 
pumping  radiation  through  increased 
broadening  of  the  DF  absorption 
lines  (see  section  3.2.3).  These  two 
effects  may  to  some  degree  compen¬ 
sate  for  each  other,  leading  to  only 
small  changes  in  the  absorption. 

Looking  at  the  z-dependence  of  the 
gain  a  we  observe  that  the  total 
single-pass  gain  is  approximately  the 
same  for  all  the  mixtures,  which  is 
natural  since  almost  the  whole 
pumping  energy  is  absorbed.  It  is 
therefore  not  surprising  that  approxi¬ 
mately  the  same  C02  laser  pulse 
shapes  and  quantum  efficiencies  are 
obtained  in  all  cases.  The  fact  that 
the  quantum  efficiencies  are  negli¬ 
gibly  influenced  by  changes  in  the 
gas  mixture  seems  to  confirm  that 
decay  of  the  C02  v3  mode  plays  a 
secondary  role  as  a  loss  mechanism 
in  the  laser. 

In  Figure  4.5  it  is  shown  how  IouT 
and  7)  is  affected  by  changes  in  the 
T/R  temperature  T  (b)  and  in  I0P 
(c).  The  gas  mixture,  Tqut  and 
are  identical  to  those  of  Figure  4.1,  and  the  laser  pulse  of  Figure  4.1  is  shown  for 
comparison  (a).  It  has  been  pointed  out  earlier  that  an  increase  in  the  T/R  temperature 
leads  to  significant  changes  in  several  parameters  in  the  laser  model.  In  the  calculation 
leading  to  the  result  of  Figure  4.5b  parameter  values  for  a  fixed  temperature  T  =  400  K 
have  been  used.  We  observe  a  significant  increase  in  the  laser  oscillation  build-up  time, 
but  the  efficiency  is  only  slightly  altered.  Considering  the  temperature  evolution  in 
Figure  4.1  it  is  clear  that  the  assumption  of  a  constant  T  =  400  K  is  drastic.  In 
particular,  T  increases  very  slowly  in  the  build-up  period,  and  a  significant  influence  on 
the  build-up  time  should  actually  not  be  expected.  It  therefore  seems  that  the  laser 
performance  will  only  be  slightly  affected  by  changes  in  the  parameters  due  to  an 
increased  temperature.  It  was  mentioned  in  section  3.2.6  that  formation  of  pressure 
waves  caused  by  the  temperature  rise  might  be  more  serious,  and  this  will  be  discussed  in 
chapter  6. 

In  Figure  4.5c  Iqp  has  been  increased  by  a  factor  of  two  to  2.8-1026  photons-cm*2  -s'1 . 
All  other  parameters  are  as  in  Figure  4.5a.  The  most  important  changes  from  Figure  4.5a 
are  the  shorter  build-up  time  and  higher  concentration  of  energy  in  the  pulse  tail.  The 
quantum  efficiency  is  only  slightly  increased,  because  the  laser  is  operated  far  above  the 
threshold  in  both  cases.  It  should  be  noted  that  the  efficiencies  and  peak  intensities 
could  have  been  increased  considerably  in  these  examples  by  using  a  higher  output 
coupling  Tqut  which  could  dominate  over  the  other  resonator  losses.  Such  an  opti¬ 
mization  can  always  be  made  when  the  laser  is  excited  far  above  the  threshold. 

The  resonator  losses  other  than  the  output  coupling  (£g  —  Tout)  of  our  experiments 
have  only  been  tentatively  estimated.  Some  of  the  results  presented  in  chapter  6  indicate 
that  the  losses  used  in  these  calculations  are  considerably  lower  than  those  of  our  laser. 
Results  of  calculations  made  with  higher  losses  will  be  presented  in  chapter  6  in 
connection  with  the  discussion  of  the  experimental  data. 


Figure  4.4  Calculated  z-dependences  of  the 
T/R  temperature  T  at  t  -  1  ps 
after  the  start  of  pumping 
The  letters  b,  c  and  d  denote  different  gas  mixtures 
(see  text). 


It  has  been  mentioned  earner  in  this  chapter 
that  saturation  will  occur  in  the  absorption  of 
the  pumping  radiation.  Figure  4.6  illustrates 
how  the  saturation  influences  the  shape  of  the 
transmitted  pumping  pulse  in  gas  mixture  c. 
The  incident  and  transmitted  pumping  pulses 
are  shown  in  the  figure,  and  we  observe  a 
substantial  sharpening  in  the  transmitted 
pulse.  This  occurs  because  the  strongest  satu¬ 
ration  is  experienced  at  the  peak  of  the  pulse. 
Such  saturation  effects  have  also  been  obser¬ 
ved  in  our  experiments,  and  they  will  be  dis¬ 
cussed  in  chapter  6. 


The  saturation  of  the  absorption  may  be  even 
stronger  than  the  computer  calculations  show, 
because  the  assumption  of  a  Boltzmann  distri¬ 
bution  in  the  DF  vibrational  ladder  becomes 
questionable  for  the  high  pumping  radiation 
intensities  that  we  use.  For  the  gas  mixture 
and  I0p  of  Figure  4.6  we  find  that  the  charac¬ 
teristic  time  of  change  in  N4  due  to  pumping 


Figure  4.5  Calculated  time  depen¬ 
dences  of  the  C02  laser 
output  intensity  low 

a)  Parameter  values  as  in  Figure  4.1  (pa¬ 
rameters  calculated  at  T  »  300  K, 
IqP  =*  1.4-102®  photons-cm'2*'1) 

b)  Parameters  calculated  at  T  *  400  K 
(other  conditions  as  in  a) 

c)  *0P  *  2.8  •  10“  photons  •  cm’2  •  s’* 
(other  conditions  as  in  a) 
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Figure  4. 6  Saturation  effects  in  the  pump 
ing  pulse  shape 

a)  Incident  pumping  pulse 

b)  Transmitted  pumping  pulse 


will  be  about  10  ns  at  the  peak  of  the  pumping  pulse.  The  internal  relaxation  time 
within  the  DF  vibrational  ladder  will  be  in  the  order  of  20  ns  according  to  the  rate  given 
in  section  3.2.2.  It  is  therefore  probable  that  a  deviation  from  a  Boltzmann  distribution 
will  occur  during  a  part  of  the  pumping  process,  which  will  make  the  saturation  even 
more  pronounced. 


5  DESCRIPTION  OF  THE  EXPERIMENTS 


In  this  chapter  we  describe  the  experimental  techniques  used  for  optical  pumping  of 
the  high-pressure  DF-KX>2  transfer  laser,  and  the  characteristics  of  the  DF  pumping 
laser  in  single-line  and  multiline  operation  are  also  given.  Most  of  the  experiments 
were  performed  with  a  simple  two-mirror  DF-*C02  transfer  laser  resonator.  Some 
selected  experiments  were  performed  in  order  to  demonstrate  continuous  tuning  of 
the  laser  frequency,  and  a  description  of  the  resonator  configurations  with  spectral 
characteristics  of  the  tuning  elements  is  given  in  the  last  section  of  this  chapter. 

We  shall  rake  the  opportunity  at  this  point  of  making  some  comments  on  the 
development  of  the  experimental  work,  which  are  relevant  also  for  the  presentation 
of  the  results  in  chapter  6.  In  retrospect  it  often  appears  that  a  different  relative 
weight  on  the  various  types  of  experiments  would  have  been  more  logical,  and  that 
more  extensive  measurements  and  higher  accuracy  would  have  been  desirable.  So  it  is 
the  case  also  in  this  work  which  gave  too  little  room  for  experiments  with  single-line 
pumping  of  the  DF-»€02  transfer  laser. 

At  the  start  of  the  experimental  work  it  was  believed  that  multiline  pumping  would 
give  the  best  results  because  higher  pumping  energies  were  available  than  in  single-line 
pumping.  A  substantial  part  of  the  time  was  therefore  used  on  multiline  pumping 
experiments.  We  believed  that  it  was  particularly  important  to  find  the  optimum 
DF/C02/He  gas  mixtures  at  various  total  gas  pressures  and  pumping  energies,  and  a 
large  number  of  measurements  were  made  for  a  variety  of  gas  mixtures.  Unfortu¬ 
nately,  several  difficulties  during  the  work  made  this  optimization  very  uncertain. 
First  of  all,  the  reactive  nature  of  the  DF  gas  made  it  difficult  to  determine  the  exact 
DF  partial  pressures  from  time  to  time.  Components  in  the  gas  mixing  system  and 
procedures  for  preparation  of  gas  mixtures  had  to  be  changed  several  times  due  to 
these  problems,  and  results  obtained  before  and  after  such  changes  could  differ  signi¬ 
ficantly  and  often  unpredictably.  Another  major  concern  was  damage  to  the  mirrors 
and  Brewster  windows  in  the  optically  pumped  laser  due  to  the  high  power  densities 
of  the  pumping  laser  pulse.  It  was  always  difficult  to  decide  whether  such  damage 
could  be  responsible  for  changes  in  the  laser  performance.  The  multiline  DF  laser  was 
operated  with  a  stable  laser  resonator,  and  the  laser  then  gave  a  multi-transversal¬ 
mode  output  beam.  The  irregular  mode  pattern  of  this  beam  increased  the  problems 
with  radiation  damage.  Besides,  the  multimode  pumping  beam  could  not  be  effec¬ 
tively  matched  to  the  TEM0o  resonator  mode  of  the  optically  pumped  laser,  as  we 
shall  see  later.  For  these  reasons  and  reasons  to  be  mentioned  later,  the  experimental 
uncer  a-dities  became  too  large  to  allow  a  definite  optimization  of  the  gas  mixture.  We 
also  found  that  the  interpretation  of  the  results  and  comparison  with  theory  became 
extremely  difficult  in  the  case  of  multiline  pumping,  since  as  much  as  25  pumping 
lines  were  involved  with  highly  differing  absorption  coefficients  for  the  different  lines. 
Low  absorption  of  many  of  the  pumping  lines  was  also  unfavourable  (refer  to 
Figure  3.7). 

Improved  transversal  mode  quality  can  be  obtained  by  using  an  unstable  DF  laser 
resonator,  and  it  was  therefore  decided  to  perform  experiments  with  such  a  resonator. 
Single-line  operation  was  chosen  in  these  experiments  because  that  resulted  in  much 
stronger  absorption  of  the  pumping  radiation.  The  same  amount  of  absorbed  pumping 
energy  could  be  obtained  for  a  much  lower  input  pumping  energy,  and  that  reduced 
the  radiation  damage  problems  considerably.  The  interpretation  of  the  results  also 
became  much  easier  when  a  single  pumping  line  was  used.  To  our  surprise  we 
obtained  single-line  pumping  energies  which  were  twice  as  high  as  the  energies  stated 
by  the  manufacturer  of  the  DF  laser,  and  the  single-line  DF  laser  thus  became  a  very 
attractive  pumping  source. 

Since  a  large  period  of  time  had  already  been  spent  on  the  multiline  pumping  experi¬ 
ments,  we  decided  to  concentrate  the  single-line  pumping  experiments  at  10  atm  gas 


pressure,  which  is  sufficient  for  overlapping  between  adjacent  C02  laser  lines.  The 
results  of  these  experiments  were  considerably  more  reliable  since  we  at  that  time  had 
learned  better  how  to  control  the  DF  partial  pressure  and  because  the  problems  with 
radiation  damage  on  mirrors  and  windows  were  less  troublesome. 

It  would  have  been  preferable  to  perform  a  more  extensive  series  of  single-line  pump¬ 
ing  measurements  than  those  presented  here,  but  nevertheless  we  feel  that  our  results 
give  a  good  picture  of  the  high-pressure  operation  characteristics  of  the  DF~KX)2 
transfer  laser  system.  The  laser  pulses  that  we  have  obtained  also  compare  reasonably 
well  with  the  results  of  our  computer  calculations. 

We  have  chosen  to  put  approximately  equal  weight  on  the  description  of  the  single- 
line  and  multiline  pumping  experiments.  The  results  obtained  with  multiline  pumping 
have  considerably  larger  uncertainties,  and  the  complexity  of  the  pumping  process 
makes  it  very  difficult  to  compare  the  results  with  theoretical  models.  Nevertheless,  it 
turned  out  that  multiline  pumping  produced  approximately  the  same  output  energies 
as  those  obtained  with  single-line  pumping,  and  we  feel  that  the  results  may  be 
valuable,  because  it  is  not  yet  clear  which  of  the  pumping  schemes  will  be  preferred 
in  a  practical  laser  system. 

5.1  Configurations  of  the  laser  experiments 

A  schematic  of  the  experimental  set-up  used  for  the  single-line  pumping  of  the 
1>F-KX)2  transfer  laser  is  shown  in  Figure  5.1.  For  illustration  we  have  included 
typical  oscillograms  of  the  single-line  pumping  pulse  and  the  C02  laser  pulse  obtained 
at  10  atm  gas  pressure.  A  slightly  different  set-up  was  used  in  most  of  the  multiline 
pumping  experiments,  and  we  shall  return  to  that  later  in  this  section.  The  configura¬ 
tions  used  in  the  frequency  tuning  experiments  will  be  described  in  section  5.7. 

This  section  briefly  describes  the  various  parts  of  the  experimental  configuration  with 
the  exception  of  the  pumping  laser  which  is  treated  in  section  5.2.  For  simplicity  we 
shall  hereafter  use  the  notation  OPL  for  the  optically  pumped  laser. 
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Figure  5.1  Experimental  configuration  of  the  optically  pumped  two-mirror  DF  COj 
transfer  laser 

(configuration  used  in  single-line  giumping  experiments). 
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Tabell  5.1  Data  for  the  laser  resonator  and  the  optical  components  of  Figure  5.1 
T  —  transmittance  R  —  reflectivity 


The  high  pressure  DF/C02/He  mixture  is  contained  in  the  OPL  gas  cell  which  has 
10  mm  thick  ZnSe  Brewster  windows.  The  pumping  radiation  is  focused  into  the  gas 
cell  by  the  lens  L  via  the  beamsplitter  BS.  The  C02  laser  radiation  is  coupled  out 
through  the  laser  mirror  Mi  and  passes  through  the  beamsplitter.  Some  important 
data  for  the  optical  components  and  the  laser  resonator  are  summarized  in  Table  5.1. 

With  equal  mirror  radii  of  curvature  the  beamwaist  of  the  OPL  TEM00  resonator 
mode  falls  at  the  centre  of  the  OPL  cavity,  and  the  focus  of  the  pumping  beam  is 
placed  at  the  same  point.  The  choice  of  mirror  radii  and  focal  length  of  the  lens  L  is 
important  with  respect  to  matching  between  the  excited  gas  volume  and  the  OPL 
resonator  mode,  and  this  will  be  discussed  further  in  section  5.3. 

An  internal  gas  cell  length  of  LA  =  10  cm  gave  a  suitable  absorption  of  the  pumping 
radiation,  and  this  length  was  used  in  nearly  all  the  experiments.  A  20  cm  cell  was 
tested  in  the  multiline  pumping  experiments  for  enhancement  of  the  absorption,  but 
due  to  poorer  matching  between  the  pumping  beam  and  the  OPL  resonator  mode,  it 
did  not  lead  to  improved  results. 

The  spectral  characteristics  of  the  beamsplitter  and  the  input  mirror  at  the  pumping 
laser  frequencies  and  at  the  C02  laser  frequencies  satisfy  fairly  well  the  general 
requirements  that  were  stated  in  section  2.1.2.  From  the  data  of  Table  5.1  we  observe 
that  the  loss  in  pumping  power  at  the  input  mirror  is  less  than  10%,  while  about  20% 
of  the  C02  laser  power  is  lost  at  the  beamsplitter.  The  transmission  factors  for  the 
302  laser  radiation  are  given  at  975  cm'1  because  the  C02  laser  oscillated  in  that 
Frequency  region  in  most  of  our  experiments.  Detailed  spectral  curves  for  the  compo- 
tents  are  given  in  Appendix  E.  The  input  mirrors  were  coated  by  Christian  Holm  in 
our  own  coating  laboratory,  and  we  are  greatly  indebted  to  Christian,  because  none 
of  the  coating  companies  that  we  were  in  contact  with  were  able  to  produce  coatings 
vith  the  required  spectral  characteristics. 

Ihe  rear  laser  mirror  M2  is  primarily  intended  to  serve  as  a  total  reflector  for  the 
9PL  radiation.  We  also  observe  that  M2  has  a  high  reflectivity  at  the  pumping  laser 
requencies,  and  this  means  that  the  pumping  energy  which  is  transmitted  through  the 
;as  cell  is  reflected  back  into  the  gas  cell.  This  is  favourable  with  respect  to  excitation 
>f  the  gas,  but  it  makes  it  more  difficult  to  determine  the  exact  amount  of  absorbed 
lumping  energy.  In  the  case  of  multiline  pumping  the  reflected  pumping  beam  is 


highly  diverging  relative  to  the  OPL  resonator  mode,  and  we  have  chosen  to  ignore 
the  contribution  to  the  excitation  from  the  reflected  pumping  power.  In  single-line 
pumping,  on  the  other  hand,  almost  100%  of  the  transmitted  pumping  power  is 
reflected  back  into  a  volume  which  closely  matches  the  OPL  resonator  mode.  In 
addition  80—95%  of  the  pumping  energy  is  absorbed  in  the  first  pass  through  the  cell, 
and  we  may  therefore  assume  that  all  the  incident  pumping  energy  contributes  effec¬ 
tively  to  the  excitation  in  this  case.  The  difference  between  the  two  cases  will  be¬ 
come  clearer  after  the  discussion  of  mode  matching  in  section  5.3. 

It  should  be  noted  that  the  choice  of  output  coupling  at  Mj  is  important  for  efficient 
extraction  of  C02  laser  energy.  To  avoid  reduction  in  conversion  efficiency  the  out¬ 
put  coupling  should  be  the  dominating  loss  factor  in  the  resonator.  We  estimate  that 
the  round  trip  resonator  losses  due  to  absorption  and  scattering  in  mirrors  and 
Brewster  windows  and  transmission  in  the  rear  mirror  M2  may  be  of  about  the  same 
magnitude  as  the  3.5%  output  coupling  given  in  Table  5.1.  In  the  calculations  of 
chapter  4  a  round  trip  resonator  loss  of  6%  was  assumed,  leading  to  a  maximum 
possible  quantum  efficiency  of  about  60%.  It  was  important  for  us  to  keep  the 
resonator  parameters  as  constant  as  possible  throughout  the  many  measurements  that 
involved  variation  in  gas  mixture,  gas  pressure  and  pumping  energies,  and  we  therefore 
did  not  try  to  optimize  the  output  coupling  for  maximum  output  energies  in  these 
experiments.  Selected  experiments  have  however  been  made  with  increased  output 
coupling,  and  they  showed  that  increased  output  energies  could  be  obtained.  This  will 
be  discussed  further  in  chapter  6.  (The  results  of  chapter  6  also  indicate  that  the 
round  trip  resonator  losses  are  considerably  higher  than  6%.) 

It  was  mentioned  above  that  a  slightly  different  experimental  configuration  was  used 
in  most  of  the  multiline  pumping  experiments,  and  a  schematic  of  the  configuration 

is  shown  in  Figure  5.2.  Instead  of 
using  a  beamsplitter  as  in  Figure 
5.1,  the  C02  laser  radiation  is 
coupled  out  through  the  mirror 
M2,  and  it  travels  in  the  same 
direction  as  the  pumping  beam. 
A  longpass  filter  F  is  then  used 
to  block  the  transmitted  DF  laser 
radiation.  The  spectral  charac¬ 
teristics  of  Mi ,  M2  and  F  are 
summarized  in  Table  5.2.  It  can 
be  observed  that  the  total  spec¬ 
tral  properties  of  the  OPL  reso¬ 
nator  are  only  slightly  different 
from  those  of  the  set-up  in  Fi¬ 
gure  5.1.  The  output  coupling  is 
approximately  the  same,  but 
there  is  about  1%  higher  trans¬ 
mission  loss  in  Mi  than  we  had 
in  M2  in  Figure  5.1.  We  also  ob¬ 
serve  that  there  is  a  higher  trans¬ 
mission  loss  in  the  filter  F  at 
C02  laser  frequencies  than  in  the 
beamsplitter  of  Figure  5.1.  The 
other  parameters  are  identical  to 
those  of  Figure  5.1. 
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Figure  5.2  Alternative  experimental  configura¬ 
tion  used  in  most  of  the  mult'line 
pumping  experiments 
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Table  5.2 


Data  for  the  laser  resonator  and 
the  optical  components  of  Figure 
5.2 


The  equipment  used  for  analysis 
of  the  laser  performance  includes 
the  following  instruments: 


a)  Two  pyroelectric  energy  detectors  are  used.  One  of  these  is  a  reference  detector 
which  monitors  the  pumping  energy  (see  Figure  5.1).  The  other  detector  mea¬ 
sures  the  C02  laser  energy. 

b)  A  HgCdTe  detector  with  rise  time  less  than  1  ns  measures  the  pulse  shapes. 

c)  A  grating  spectrometer  with  0.08—0.09  cm'1  resolution  at  C02  laser  frequencies 
is  used  for  spectral  analysis  of  the  laser  output. 

d)  In  a  short  period  a  pyroelectric  vidicon  was  available  for  monitoring  of  the 
transversal  mode  patterns  of  the  laser  beam. 

These  instruments  have  also  been  used  for  analysis  of  the  DF  pumping  laser  per¬ 
formance  which  is  the  subject  of  the  next  section. 

The  absorbed  pumping  energy  is  measured  by  an  energy  detector  placed  in  the  posi¬ 
tion  of  M2.  The  detector  signal  is  then  observed  with  and  without  the  gas  cell  in  the 
beam,  and  the  difference  gives  the  absorbed  energy.  In  multiline  pumping  only 
20—25%  of  the  total  input  energy  is  absorbed  in  a  typical  10  atm  mixture.  The 
uncertainty  in  the  measured  energies  with  and  without  the  gas  cell  in  the  beam  is 
approximately  5—10%,  which  gives  unacceptable  relative  uncertainties  in  absorbed 
energies  and  conversion  efficiencies.  In  the  presentation  of  multiline  pumping  results 
in  chapter  6  we  shall  therefore  give  data  for  C02  output  energy  as  a  function  of  the 
total  input  pumping  energy,  and  the  amount  of  absorbed  energy  and  the  conversion 
efficiency  can  only  be  roughly  indicated. 

These  problems  are  avoided  in  single-line  pumping  where  the  whole  pumping  energy  is 
assumed  to  be  absorbed  (refer  to  comments  given  above). 

5.2  The  DF  pumping  laser 

A  pulsed  chemical  DF  laser  (model  TEA  203  manufactured  by  Lumonics  Research 
Limited  in  Can  *' 2)  is  used  for  the  optical  pumping.  The  excitation  of  this  laser  is 
initiated  by  a  transverse  electrical  discharge  in  a  flowing  gas  mixture  of  D2,  SF6  and 
He.  Atomic  fluorine  is  liberated  by  dissociation  of  SF6  in  the  discharge,  and  vibra- 
tionally  excited  DF  is  produced  in  die  exothermic  chemical  reaction  (54) 

F+D2-*DF*+D  (5.1) 

where 

DF*  —  excited  DF 

This  laser  is  therefore  basically  chemically  pumped.  The  DF  molecules  are  mainly 
excited  into  the  three  first  vibrational  levels  by  reaction  (5.1),  and  lasing  therefore 
occurs  in  the  (l-*0),  (2-*-l)  and  (3-*,2)  vibrational  bands,  as  pointed  out  earlier. 

A  rough  optimization  of  the  operating  conditions  for  maximum  output  energy  has 
been  made,  and  the  following  parameters  were  used  in  the  experiments: 

Gas  pressure  0.04  atm 

SF« :  D2  :  He  mixing  ratio  8:1 :1 

Total  gas  flow  500  normal  litres  per  hour 

Pulse  repetition  rate  0.2  Hz 

Discharge  voltage  37  kV 
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The  optimum  gas  pressure  and  mixing  ratio  agree  reasonably  well  with  data  reported 
in  the  literature  for  pulsed  DF  lasers  (55). 


The  required  gas  flow  depends  on  the  chosen  pulse  repetition  rate.  Variation  in  the 
discharge  voltage  from  35  kV  to  40  kV  did  not  lead  to  great  changes  in  output 
energy. 


We  then  pass  on  to  a  description  of  the  operating  characteristics  of  the  laser  in 
multiline  and  single* line  operation.  Some  data  for  similar  types  of  DF  lasers  operated 
in  other  optical  configurations  are  found  in  the  literature  (55,  56)  but  the  informa¬ 
tion  that  is  really  relevant  for  our  experiments  has  not  been  reported. 


5.2.1  Multiline  DF  laser  operation 


Operated  with  a  two-mirror  stable  resonator  the  DF  laser  oscillates  on  about  25 
transitions  simultaneously  in  the  (l-*0),  (2-*-l)  and  (3-*-2)  vibrational  bands.  The  total 
pulse  energy  is  approximately  0.6  J.  The  measured  relative  energy  contents  of  the 
different  lines  is  shown  in  Figure  5.3.  Remember  that  the  (1-K))  laser  lines  (marked 
by  solid  lines)  are  most  efficient  for  excitation  of  the  DF  C02  transfer  laser.  About 
30%  of  the  pulse  energy  is  contained  in  these  lines,  while  the  (2— *-1)  lines  and  (3-+2) 
lines  contain  40%  and  30%,  respectively.  We  observe  that  successive  vibrational  bands 
are  shifted  about  90  cm'1  due  to  anharmonicity  in  the  vibration.  The  energy  distribu¬ 
tion  of  Figure  5.3  represents  average  values,  and  the  energy  of  individual  lines  could 
vary  as  much  as  ±25%  from  pulse  to  pulse.  The  pulse  to  pulse  variation  of  the  total 
pulse  energy  was  not  more  than  ±5—10%.  The  large  relative  variations  for  the  indivi¬ 
dual  lines  may  give  a  substantial  contribution  to  the  uncertainties  in  the  multiline 
pumping  experiments. 


1 


Figure  5.3  Relative  energy  distribution  on  the  different  lines  of  the  multiline  DF  laser 
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The  total  duration  of  the  laser  oscilla¬ 
tion  on  the  individual  DF  laser  lines  is 
shown  in  Figure  5.4.  It  can  be  observed 
that  the  build-up  times  are  longest  for 
the  (1~*0)  lines.  This  is  disadvantageous 
with  respect  to  pumping  of  the 
DF  -*■  C02  transfer  laser,  since  absorp¬ 
tion  of  the  (2“*1)  and  (3— ^2)  lines  can¬ 
not  take  place  until  the  (1~*0)  lines 
have  produced  a  considerable  excita¬ 
tion  in  the  vibrational  ladder  of  the  DF 
absorbing  molecules  (see  section  3.2.3). 

Oscillograms  of  the  pulse  shapes  of  the 
(1-K))  lines  and  of  the  total  laser  pulse 
are  shown  in  Figure  5.5.  It  will  be 
noticed  that  the  large  pulse  energies  of 
raise  duration  M  the  1P(9)  and  1P(10)  lines  may  be  attri¬ 

buted  to  longer  pulse  durations  rather 
Figure  5.4  Duration  of  the  laser  oscilla-  than  higher  peak  powers.  The  spiking 

tion  on  the  different  lines  of  phenomena  observed  in  all  lines  are 

the  multiline  DF  laser  probably  due  to  a  combination  of 

longitudinal  mode  beating  and  repump¬ 
ing  of  the  laser  levels  induced  by  laser 
oscillation  on  lines  in  higher  or  lower  vibrational  bands  (56).  The  spiking  phenomena 
are  always  much  less  pronounced  in  the  total  laser  pulse  where  the  individual  lines  are 
superimposed.  The  start  of  the  (1“H))  lines  coincides  with  the  peak  of  the  total  laser 
pulse,  which  has  a  400  ns  full  width  at  half  maximum  and  2  jus  total  length. 

When  it  is  operated  with  a  stable  resonator,  the  multiline  DF  laser  has  a  multi-trans- 
versal-mode  output  beam  with  a  beam  divergence  of  about  3  mrad.  The  beam  dia¬ 
meter  is  30—35  mm,  and  the  beam  pattern  has  a  noncircular  symmetry  which  is 
probably  imposed  by  the  transverse  electrode  configuration  of  the  laser.  It  contains 
several  small  areas  of  higher  intensity  which  are  usually  called  "hot  spots”.  These  are 
particularly  troublesome  because  they  may  cause  radiation  damage  on  mirrors  and 
Brewster  windows  in  the  optically  pumped  laser. 

Due  to  the  large  beam  diveigence,  the  spot  diameter  of  the  focused  multiline  pump¬ 
ing  beam  is  about  20  times  larger  than  the  diffraction  limit.  We  shall  see  in  sec¬ 
tion  5.3  that  the  matching  of  this  beam  to  the  TEMqq  mode  of  the  optically  pumped 
laser  resonator  becomes  poor. 

5.2.2  Single-line  DF  laser  operation 

DF  laser  oscillation  on  a  single  laser  line  is  obtained  when  a  reflection  grating  and  an 
unstable  resonator  output  coupler  form  the  laser  resonator.  According  to  theory  (57) 
the  unstable  resonator  configuration  should  lead  to  laser  oscillation  in  a  single  trans¬ 
versal  mode,  and  diffraction  limited  focusing  of  the  laser  beam  should  be  possible. 

The  grating  used  in  our  experiments  is  gold  coated  with  300  grooves  per  millimeter 
and  an  efficiency  of  about  95%  at  DF  laser  frequencies.  The  unstable  resonator 
output  coupler  is  made  of  CaFa,  and  it  has  a  15  mm  diameter  circular  reflecting  gold 
coated  area  on  the  convex  side  facing  into  the  resonator.  The  laser  radiation  is 
coupled  out  in  a  doughnut  mode  around  this  area.  A  focused  unstable  resonator 
mode  should  merge  into  a  single  spot  over  a  certain  distance  at  both  sides  of  the 
focus.  The  spot  size  should  be  diffraction  limited  with  an  actual  intensity  distribution 
determined  by  the  outer  and  inner  diameters  of  the  doughnut  mode  at  the  focusing 
lens  (58). 


Figure  5.5  Pulse  shapes  of  the  individual  lines  and  of  the  total  DF  laser  pulse  in 
multiline  operation 

As  explained  previously,  only  (l-*0)  DF  laser  lines  can  be  used  in  single-line  pumping, 
and  the  1  F(7 )  line  is  chosen  in  our  experiments.  The  reason  for  this  choice  is  that  the 
1  P( 7 )  line  is  strongly  absorbed  by  the  DF  in  the  DF  -►  C02  transfer  laser  (sec  Figure 
3.7),  and  a  favourably  high  pulse  energy  can  also  be  extracted  on  this  line.  Only  10% 
higher  pulse  energy  is  obtained  on  the  strongest  line  1P(9)  in  contrast  to  what  we 
observed  in  Figure  5.3  for  multiline  operation.  In  Figure  5.3  we  can  observe  that 
strong  (2~*1)  lines  fall  between  the  (l-*0)  lines  1  P( 7)  —  1P(11),  and  it  turns  out  that 
it  is  difficult  to  avoid  simultaneous  oscillation  on  neighbouring  (2*+  1)  lines  when  the 
grating  is  positioned  for  a  (l-*0)  line.  This  effect  is  particularly  evident  for  the  lines 
1P(8)  —  1P(11),  and  it  also  results  in  irregularities  in  the  doughnut  mode  patterns. 
The  choice  of  1P(7)  for  single-line  pumping  is  therefore  natural. 

The  focused  beam  of  the  1P(7)  laser  line  contains  about  30%  of  rapidly  diverging 
radiation  outside  the  central  spot.  We  assume  that  this  part  of  the  radiation  may 
contain  contributions  from  neighbouring  lines,  but  spectral  analysis  of  the  radiation 
has  not  yet  confirmed  this.  An  aperture  with  diameter  slightly  larger  than  the  dough¬ 
nut  mode  is  inserted  in  the  beam  in  front  of  the  focus  to  block  as  much  as  possible 


of  the  undesired  radiation.  The  resulting  focused  spot  diameter  is  then  approximately 
four  times  larger  than  the  diffraction  limit.  This  deviation  from  the  theory  has  not 
been  examined  further.  We  shall  see  in  section  5.3.2  that  reasonably  good  matching  is 
obtained  between  the  single  line  beam  and  the  OPL  TEM00  resonator  mode. 

The  maximum  pulse  energy  obtained  on  the  1P(7)  line  in  this  configuration  is  about 
80  mj,  which  is  about  twice  as  high  as  the  figure  stated  by  the  manufacturer.  The 
pulse  to  pulse  variation  in  the  pulse  energy  is  as  large  as  ±20%,  which  is  similar  to  our 
observations  for  the  individual  laser  lines  in  multiline  operation.  The  reason  for  this 

large  variation  has  not  been  examined, 
but  we  assume  that  instabilities  in  the 
plasma  discharge  and  changes  in  the 
laser  resonator  length  may  be  respon¬ 
sible. 

Oscillograms  of  the  1P(7)  laser  line 
pulse  shapes  arc  shown  in  Figure  5.6. 
,  We  observe  pronounced  longitudinal 

mode  beating  which  changes  from  pulse 
to  pulse,  indicating  variations  in  the 
resonator  length.  The  pulses  have  a 
•400  ns  full  width  at  h alf  maximum. 
This  is  approximately  the  same  as  the 
width  of  the  total  laser  pulse  in  multi- 
line  operation,  but  the  width  is  more 
than  twice  as  large  as  that  of  the  indivi- 
Figure  5.6  Single-line  DF  laser  pulse  shapes  dual  1  P(7 )  line  in  multiline  operation 

(sec  Figure  5.5). 
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5.3  Matching  between  the  pumping  beam  and  the  TEM00  resonator  mode  of  the 
DF  -*  C02  transfer  laser 

Laser  oscillation  in  the  fundamental  Gaussian  TEM0o  transversal  inode  is  usually 
desirable,  because  oscillation  in  higher  order  modes  degrades  the  spectral  purity  of  the 
laser  radiation  and  leads  to  larger  beam  divergence.  It  is  therefore  important  to 
achieve  good  overlapping  between  the  excited  gas  volume  and  the  TEM00  resonator 
mode. 

The  beam  radius  w  of  a  TEM00  Gaussian  beam  is  given  by  (24) 

2  1/2 

«(*)  =  cj0.(l  +  (f-)  )  (5.2) 

L 0 


where 

«o  ~ 
z  — 
zo  - 
X  - 


beam  radius  at  the  bcamwaist 
distance  from  the  bcamwaist 
it-ojq  X'1  —  Rayleigh  distance 
radiation  wavelength 


At  z=z0  the  beam  radius  has  increased  by  \/2  over  the  value  co0  at  the  waist. 

Since  the  DF  laser  wavelength  Xp  is  shorter  than  the  C02  laser  wavelength  Xj  ,  we 
find  that  perfect  matching  between  the  pumping  beam  and  the  TKM0o  resonator 
mode  cannot  be  obtained,  even  if  the  pumping  beam  were  a  TEM00  Gaussian  beam. 
However,  assuming  only  Gaussian  beams,  the  matching  in  the  gas  cell  may  become 


63 


lr 


u 


l 


V 


u 

a 


extremely  good,  provided  that  the  two  bcamwaists  are  matched  with  equal  <u0  at  the 
cell  centre,  and  that  the  Rayleigh  distances  Zo(Xp)  and  z0(XL)  are  greater  than  half 
the  cell  length. 

The  resonator  parameters  given  in  section  5.1  were: 

R,  =  R2  =  30  cm  (mirror  radii  of  curvature) 

Lc  =  22  cm  (resonator  length) 

La  =  10  cm  (length  of  gas  cell) 

Assuming  matching  at  the  cell  centre  we  find: 

cj0  =  0.68  mm 

Zo(XL)  =  14.5  cm 

z0(Xp)  =  39  cm 

We  observe  that  Zo(X|J,  z0 (Xp ) »  LA/2,  and  the  matching  would  therefore  be 
straightforward  for  TEM00  Gaussian  modes. 

In  section  5.2  we  have  seen  that  the  DF  laser  does  not  produce  a  fundamental 
Gaussian  beam,  and  this  causes  complications  as  discussed  below  for  multiline  and 
single-line  pumping. 

5.3.1  Mode  matching  in  multiline  pumping 

The  geometries  of  the  multiline  pumping  beam  and  the  TEM00  resonator  mode  inside 
the  gas  cell  are  indicated  in  Figure  5.7  for  the  actual  focusing  used  in  our  experi¬ 
ments.  The  diameters  are  matched  at  the  centre  of  the  cell,  but  we  observe  that  the 
diameter  of  the  pumping  beam  greatly  exceeds  that  of  the  resonator  mode  at  each 
end  of  the  cell.  This  is  caused  by  the  large  divergence  of  the  pumping  beam  which 
makes  it  impossible  to  obtain  a  smaller  beam  diameter  over  the  10  cm  cell  length. 
The  geometry  in  the  figure  is  obtained  by  focusing  the  pumping  beam  with  a  40  cm 
focal  length  lens,  and  it  gives  approximately  the  smallest  possible  excited  gas  volume, 
which  is  important  for  obtaining  a  high  C02  laser  gain.  The  ratio  of  the  geometrical 
volumes  of  the  pumping  beam  and  the  resonator  mode  inside  the  cell  is  approximate¬ 
ly  6:1.  It  should  be  noted  that  the  effective  overlapping  of  the  two  volumes  is 
determined  by  the  actual  distribution  of  the  excitation  energy  in  the  gas.  This  distri¬ 
bution  is  complex  because  of  the  multimode  characteristics  of  the  pumping  beam,  but 
the  excitation  is  obviously  strongest  near  the  resonator  axis.  We  may  therefore  assume 
that  the  effective  overlapping  is  somewhat  better  than  the  1  : 6  ratio  given  above. 


CENTRE  OF  GAS  CELL 


Figure  5.7  Approximate  geometries  of  the  multiline  DF  laser  pumpii  g  beam  and  the 
COi  laser  TEMW  resonator  mode  in  the  10  cm  long  laser  gas  cell 
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5.3.2  Mode  matching  in  single-line  pumping 

In  single-line  pumping  we  are  able  to  obtain  a  reasonably  good  mode  matching  even 
though  the  pumping  beam  spot  size  is  not  diffraction  limited.  Using  a  lens  with  2  m 
focal  length  for  focusing  of  the  pumping  beam,  we  obtain  a  beam  diameter  of  about 
1.6  mm  at  the  centre  of  the  cell  and  1.8  mm  at  the  ends.  These  diameters  are  only 
0.25  —  0.35  mm  greater  than  those  of  the  TEM00  resonator  mode,  and  they  are 
comparable  with  the  uncertainties  in  the  alignment  in  our  laser  experiments. 


5.4  Radiation  damage  at  mirrors  and  Brewster  windows 

It  is  known  that  electrical  breakdown  will  occur  in  optical  materials  if  they  are 
exposed  to  radiation  densities  higher  than  certain  maximum  limits.  The  damage 
thresholds  depend  on  type  of  material,  type  of  coating,  cleanliness  of  surface,  radia¬ 
tion  wavelength  and  pulse  length.  We  use  ZnSe  components  in  our  experiments,  and 
the  damage  threshold  should  be  approximately  10  J/cm2  for  a  1  ms  pulse  at  10  Mm 
(59).  No  data  exist  for  DF  laser  wavelengths,  and  we  must  only  assume  that  the 
threshold  will  be  similar  to  that  at  10  Mm. 

The  average  energy  densities  over  the  beam  cross-section  at  the  input  mirror  and  at 
the  Brewster  windows  in  our  experiments  were  in  the  order  of  1  J/cm2  in  single-line 
pumping  and  0.5  —  0.6  J/cm2  in  multiline  pumping.  The  tilt  angle  of  the  Brewster 
windows  has  then  been  taken  into  account.  These  values  are  much  smaller  than  the 
damage  threshold  for  ZnSe,  particularly  in  the  multiline  pumping  experiments  where 
the  pumping  beam  cross-section  at  the  mirrors  and  Brewster  windows  greatly 
exceeded  that  of  the  resonator  mode  (see  Figure  5.7).  Nevertheless,  the  damage  prob¬ 
lems  were  most  severe  in  multiline  pumping  due  to  the  hot  spot  pattern  of  the 
pumping  beam.  For  this  reason  we  could  only  use  0.3  J  multiline  pumping  energy, 
which  is  about  50%  of  the  total  available  energy.  Even  with  this  reduced  input 
energy,  damage  occurred  from  time  to  time,  and  this  may  have  some  influence  on  our 
results  in  multiline  pumping. 

Ideally,  we  would  have  preferred  to  exchange  an  optical  component  as  soon  as  any 
damage  occurred,  but  this  was  not  possible  due  to  our  limited  stock  of  components 
suited  for  the  experiments.  It  was  our  experience  that  small  visible  pits  on  the  optical 
surfaces  did  not  seriously  alter  the  laser  performance,  and  components  were  therefore 
only  changed  if  the  measurements  indicated  that  damage  affected  the  C02  laser 
output.  It  was  not  always  easy  to  distinguish  damage  effects  from  other  effects  that 
influenced  the  laser  performance,  such  as  imperfect  optical  alignment  and  variations 
in  the  gas  mixture  (see  section  5.5). 

Radiation  damage  was  not  a  serious  problem  in  single-line  pumping,  even  if  the 
average  energy  density  was  twice  as  high  as  in  multiline  pumping.  The  reason  is 
apparently  that  the  cross-section  of  the  single-line  beam  is  more  uniform  without  the 
hot  spot  pattern.  All  the  single-line  pumping  experiments  could  therefore  be  per¬ 
formed  with  the  same  input  mirror,  and  it  is  therefore  easier  to  interpret  these 
results. 


5.5  Preparation  of  gas  mixtures 

The  preparation  of  laser  gas  mixtures  should  normally  be  trivial,  but  this  was  one  of 
the  major  problems  in  our  experiments  due  to  the  corrosive  nature  of  the  DF  gas.  A 
considerable  amount  of  time  was  spent  on  investigating  how  the  DF  gas  reacted  with 
the  different  parts  of  the  gas  handling  system,  such  as  tubes,  valves,  pressure  gauges, 
gas  cell  walls  and  cell  windows.  Many  confusing  observations  have  been  made  during 
the  investigations,  and  we  must  admit  that  our  choice  of  materials  and  procedures  for 


gas  handling  is  based  more  on  experience  than  on  knowledge  about  what  kind  of 
reactions  that  are  going  on  between  DF  and  the  different  surfaces.  It  should  be 
mentioned  that  the  testing  of  components  was  performed  parallel  with  and  as  a  part 
of  the  multiline  pumping  experiments.  Materials  and  components  were  changed  seve¬ 
ral  times  during  this  period,  and  it  was  not  until  we  started  the  single-line  pumping 
experiments  that  a  fixed  system  and  fixed  procedures  were  chosen.  We  feel  that  this 
may  explain  some  of  the  confusing  results  obtained  with  multiline  pumping. 

A  detailed  discussion  of  the  choice  of  materials  and  gas  mixing  procedures  is  given  in 
Appendix  F.  The  importance  of  paying  attention  to  these  problems  should  be  noticed 
by  anyone  who  intends  to  build  a  laser  of  this  kind,  and  we  believe  that  the  informa¬ 
tion  found  in  Appendix  F  may  be  valuable.  Here  we  shall  only  list  the  most  important 
conclusions. 

a)  DF  seems  to  react  with  the  gas  handling  system  by  a  combination  of  a  chemical 
reaction  and  surface  adsorption.  The  adsorption  causes  the  DF  pressure  to  de¬ 
crease  rapidly  after  gas  filling,  and  good  saturation  of  the  laser  gas  cell  is  neces¬ 
sary  to  achieve  a  constant  DF  pressure  during  an  experiment. 

b)  The  presence  of  water  vapour  in  the  system  should  be  avoided  since  deuterium  is 
rapidly  exchanged  with  hydrogen  in  the  water. 

c)  Teflon,  stainless  steel  and  monel  have  been  tested  as  gas  cell  materials.  Teflon 
seems  to  be  most  favourable  with  respect  to  surface  adsorption  and  corrosion, 
but  it  is  not  well  suited  for  high-pressure  gas  cells.  Stainless  steel  gave  a  reason¬ 
ably  slow  surface  adsorption  after  saturation,  and  a  stainless  steel  gas  cell  was 
used  in  the  single-line  pumping  experiments.  Monel  has  excellent  corrosion  resis¬ 
tance,  but  the  surface  adsorption  of  DF  on  monel  seems  to  occur  very  fast.  A 
monel  gas  cell  was  used  in  the  multiline  pumping  experiments,  but  the  rapid 
surface  adsorption  was  a  serious  problem. 

d)  The  ZnSe  windows  used  in  our  gas  cells  have  good  resistance  to  chemical  attack 
by  DF,  and  the  same  windows  have  been  used  for  one  year  without  visible 
degradation. 

e)  Coated  gas  cell  windows  have  been  tested,  but  the  coatings  were  seriously 
attacked  by  DF. 

Another  major  concern  during  this  work  was  the  presence  of  a  significant  amount  of 
HF  in  the  DF  gas.  Our  best  estimates  from  spectroscopic  measurements  showed  that 
the  DF  gas  contained  about  20%  HF.  DF  gas  with  better  purity  was  not  available  to 
us  in  this  work.  A  discussion  of  our  observations  of  the  HF  impurity  and  the  deter¬ 
mination  of  the  HF  contents  is  given  in  Appendix  G. 

The  presence  of  HF  in  our  laser  is  unfavourable  because  HF  deactivates  the  C02  v3 
mode  even  faster  than  DF  does  (48).  With  20%  HF  in  the  DF  gas  the  HF  will 
contribute  with  about  20%  to  the  relaxation  rate  of  the  C02  v3  mode  for  a  typical 
10  atm  laser  gas  mixture  containing  0.5%  DF,  5%  C02  and  94.5%  He  (refer  to 
section  3.2.5).  According  to  our  theoretical  calculations  this  increase  in  the  relaxation 
rate  should  however  not  significantly  influence  the  laser  performance.  Another  nega¬ 
tive  effect  might  be  transfer  of  vibrational  energy  into  the  HF  vibrational  mode,  but 
the  rate  of  this  process  seems  to  be  too  low  to  play  a  significant  role  (60). This  can  of 
course  only  be  finally  confirmed  by  repeating  the  experiments  with  DF  gas  which  is 
free  of  impurities. 


5.6  C02  laser  gain  measurements 

Measurement  of  the  time  dependence  of  the  C02  laser  gain  may  give  important 
information  about  the  behaviour  of  the  laser  system.  A  simple  experimental  set-up 
that  we  have  used  for  gain  measurements  is  shown  in  Figure  5.8.  A  probing  beam 
from  a  continuous-wave  C02  laser  is  directed  through  the  gas  cell  of  the  optically 
pumped  laser  where  the  laser  mirrors  have  been  removed.  The  beam  is  focused  for  the 
best  possible  matching  with  the  pumping  beam  which  comes  in  the  opposite  direc¬ 
tion.  The  probing  power  is  monitored  by  a  high-speed  HgCdTc  detector,  and  the 
relative  increase  in  the  detector  signal  subsequent  to  the  absorption  of  the  pumping 
radiation  gives  the  C02  laser  gain  in  one  pass  through  the  gas  cell.  The  probing  power 
is  sufficiently  low  not  to  cause  significant  perturbation  of  the  C02  population  inver- 


A  typical  example  of  the  time  dependence  of  the  detector  signal  is  shown  in  the 
figure,  and  the  pumping  pulse  shape  is  shown  for  comparison  in  the  same  time  scale. 
The  gain  first  increases  when  the  pumping  power  is  integrated  as  excitation  energy  in 
the  C02  v3  mode.  The  time  of  peak  gain  is  expected  to  occur  at  the  _nd  of  the 
pumping  pulse  when  the  relaxation  rate  of  the  C02  v3  mode  starts  to  dominate  over 
the  pumping  rate.  We  observe  however  that  the  measured  gain  starts  to  decay  very 
early,  and  there  is  even  a  substantial  undershoot  in  the  tail.  Further  results  will  be 
presented  in  chapter  6,  and  we  shall  only  mention  here  that  the  rapid  decay  and  the 
undershoot  seem  to  ire  caused  by  refractive  index  gradients  which  occur  in  the  gas  as 
the  pumping  energy  is  converted  to  thermal  energy.  The  index  gradients  seem  to 
cause  so  strong  dcfocusing  that  a  fraction  of  the  probing  beam  no  longer  hits  the 
detector  area. 

The  lens  I.q  has  50  mm  focal  length,  and  it  focuses  the  probing  beam  to  a  0.5  mm 
diameter  spot  on  the  1  mm  diameter  detector  surface.  From  these  figures  it  is  clear 
that  the  dcfocusing  is  substantial,  and  this  may  have  significant  influence  on  the 
performance  of  the  laser  as  discussed  in  chapter  6. 
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Figure  5.8  Experimental  configuration  used  in  the  gain  measurements 
The  units  of  the  ordinates  in  the  oscillograms  arc  arbitrary. 
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5.7  Frequency  tuning  experiments 


M,  |  l-l  FK  ,  t 


(a) 


Z  WJ  *  1.3S  Mil 
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There  was  not  room  in  this  work  for  a  final  development  of  the  frequency  tuning 
techniques.  However,  selected  frequency  tuning  experiments  have  shown  that  continu¬ 
ous  tuning  of  the  laser  frequency  between  two  adjacent  C02  line  centres  can  be 

obtained.  The  tuning  experiments 
have  been  performed  in  the  C02 
laser  R-branch  at  about  975  cm'1. 

17%  REFLECTIVITY 

Two  different  resonator  configura¬ 
tions  have  been  used  in  these  ex¬ 
periments,  and  they  are  illustrated 
in  Figure  5.9.  The  basic  frequency 
selective  elements  are  a  diffraction 
grating  G  and  a  Fabry -Perot  etalon 
FPE.  In  configuration  a)  a  com¬ 
bined  mirror-lens  M-L  is  placed  in 
front  of  the  grating,  and  the  Fabry - 
Perot  etalon  is  inserted  between 
these  elements  for  fine  tuning  of 
the  laser  frequency.  This  configura¬ 
tion  requires  a  closer  explanation, 
and  we  shall  return  to  that  later.  In 
configuration  b)  a  beam  expander  is 
used  to  obtain  a  larger  resonator 
mode  diameter  at  the  grating  for 
better  frequency  resolution.  In  both 
cases  the  resonator  elements  are  ar¬ 
ranged  in  such  a  way  that  the 
TEM00  mode  has  a  beamwaist  with 
diameter  2a>0  =  1.35  mm  at  the 
centre  of  the  gas  cell.  The  resonator 
mode  in  the  gas  cell  is  then  identical  to  the  resonator  mode  of  the  two-mirror  laser 
experiments  described  in  section  5. 1 .  This  ensures  the  best  possible  matching  with  the 
pumping  beam  as  discussed  in  section  5.3. 


Figure  5.9 


Resonator  configurations  used  in 
the  frequency  tuning  experi¬ 
ments 

—  combined  mirror-lens 

—  Fabry-Perot  etalon 

—  grating 

—  beam-expander 
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G 
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The  frequency  resolution  bandwidth  Ai>„  of  the  pure  grating  is  given  by 


(5.3) 


where 

v  —  radiation  frequency 

N  —  number  of  grating  grooves  illuminated  by  the  resonator  mode 

The  beamwaist  diameters  2ug  at  the  grating  are  given  in  Figure  5.9.  The  grating 
groove  density  is  135  grooves  per  mm,  and  the  following  resolution  bandwidths  at 
975  cm*1  are  then  obtained  for  the  pure  grating 

Configuration  a)  —  Avg  =  3.2  cm'1 

Configuration  b)  -  Avg  =  0.6  cm'1 

These  values  can  be  compared  with  the  frequency  spacings  between  adjacent  C02  line 
centres  which  are  1.2— 1.4  cm'1  in  the  R-branch.  The  resolution  in  b)  is  high  enough 
to  allow  tuning  of  the  laser  frequency  between  two  line  centres  as  will  be  shown  in 
chapter  6. 
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We  will  now  discuss  configuration  a)  in  more  detail,  and  to  start  with  we  disregard 
the  FPE.  M-L  is  a  ZnSe  lens  with  one  uncoated  side  facing  against  the  input  mirror 
Mj.  The  reflectivity  of  this  side  is  17%.  The  purpose  of  M-L  is  two-fold.  First,  it 
serves  as  a  lens  which  makes  it  possible  to  obtain  resonator  mode  beamwaists  both  at 
the  cell  centre  and  at  the  grating.  Second,  the  combination  of  the  reflecting  surface 
and  the  grating  gives  a  higher  reflectivity  than  that  of  the  pure  grating.  The  reflecting 
surface  is  matched  to  the  wavefront  of  the  resonator  mode,  and  together  with  the 
grating  it  forms  what  we  call  a  mirror-grating  ’’etalon”,  MGE.  The  MGE  has  reflection 
maxima  and  minima,  just  as  an  ordinary  etalon.  In  this  case  we  wish  to  operate  at 
one  of  the  reflection  maxima  of  the  MGE.  For  a  general  etalon  with  surface  reflec¬ 
tivities  Rj  and  R2  the  reflectivity  at  the  maxima  is  given  by 


(5.4) 


Suppose  that  Rj  is  the  17%  reflectivity  of  the  M-L  and  that  R2  is  the  frequency 
dependent  reflectivity  of  the  grating.  We  then  find  that  the  MGE  will  have  a  spectral 
reflection  characteristic  like  that  shown  in  Figure  5.10a.  The  regions  of  high  reflectiv¬ 
ity  (Rmax  given  by  equation  (5.4)) 
are  interrupted  by  a  narrow  regions 

)M  | _ ( _ i _ | _  with  high  loss  which  are  the  ”trans- 

mission”  peaks  of  the  MGE.  The 
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Figure  5.10  Theoretical  spectral  characteris¬ 
tics  of  the  frequency  selective 
elements 


shown  in  Figure  5.10b.  Due  to 
losses  in  the  etalon  the  actual  transmission  at  the  peaks  was  only  95—96%.  The 
resulting  spectral  reflectivity  after  inserting  the  etalon  between  M-L  and  the  grating 
becomes  complex,  and  it  is  not  shown  here.  Laser  oscillation  will  in  general  occur  at 
one  of  the  transmission  peaks  of  the  etalon,  and  the  frequency  can  be  tuned  by 
tilting  the  etalon. 
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The  configurations,  a)  and  b)  were  tested  in  the  multiline  and  single-line  pumping 
experiments  respectively.  The  results  will  be  presented  in  chapter  6,  and  we  shall  only 
mention  that  C02  laser  oscillation  between  two  adjacent  C02  line  centres  was  ob¬ 
tained  with  both  configurations.  It  is  not  yet  clear  which  of  the  configurations  that 
will  be  preferred  in  a  practical  laser  system.  The  complex  spectral  reflectivity  of  the 
MGE  is  obviously  a  drawback,  and  to  obtain  continuous  frequency  tuning  it  is  neces¬ 
sary  to  control  the  positions  of  the  reflection  minima  of  Figure  5.10a.  On  the  other 
hand,  the  maximum  reflectivity  of  the  frequency  selective  elements  can  become  very 
high  in  this  configuration.  In  configuration  b)  the  frequency  tuning  can  be  performed 
by  merely  tilting  the  grating.  Relatively  high  total  losses  in  the  beam-expander  and 
the  grating  may  be  an  objection  to  this  solution.  Very  careful  optical  alignment  is 
required  with  a  beam  expander  in  the  resonator,  and  this  may  be  a  practical  problem. 


EXPERIMENTAL  RESULTS 

i  this  chapter  we  present  the  results  of  the  experimental  investigations  of  the  opti- 
ally  pumped  DF-*C02  transfer  laser.  Results  arc  given  for  gain  measurements  (sec- 
on  6.1),  measurements  of  C02  laser  output  energies,  pulse  shapes  and  quantum 
fficiencies  (section  6.2)  and  for  frequency  tuning  measurements  (section  6.3).  The 
.•suits  will  be  discussed  parallel  with  the  presentation. 

,11  the  DF  partial  pressures  given  in  this  chapter  include  about  20%  I  IF  which  was 
resent  in  the  DF  gas  (see  section  5.5). 


.  1  Results  of  gain  measurements 

he  experimental  procedure  used  in  the 
ain  measurements  has  been  described 
i  section  5.6.  Gain  measurements  for 
igh-pressure  gas  mixtures  were  only 
erformed  in  the  case  of  single-line 
umping,  and  a  typical  10  atm  gas  mix- 
are  containing  0.6%  1)F,  5%  C02  and 
4.4%  He  was  chosen  in  the  exped¬ 
ients.  Ibis  example  will  demonstrate 
lat  the  effect  of  gas  heating  and  sub- 
•quent  formation  of  pressure  waves 
lay  influence  the  laser  perfonnance 
gnificantly. 

Oscillograms  of  the  time  evolution  of 
le  measured  single  pass  gain  for  diffe- 
rnt  pumping  pulse  energies  are  shown 
i  Figure  6.1.  The  pumping  pulse  shape 
shown  for  comparison  in  the  same 
me  scale.  Tile  single  pass  gain  is  the 
lativc  amplification  of  the  cw  probing 
ser  power  in  one  pass  through  the 
'.)  cm  laser  gas  cell.  The  probing  laser 
:re  oscillates  on  R(18)  at  974.6  cm'1 . 
c  observe  that  the  gain  reaches  a 
aximum  approximately  500  ns  after 
e  start  of  the  pumping  pulse,  and  at 
$  mj  pumping  energy  the  peak  gain  is 
tout  25%.  The  noise  at  the  start  of 
cli  trace  is  picked  up  from  electric 
•Ids  that  were  present  in  the  labora¬ 
ry  subsequent  to  the  plasma  dis- 
arge  of  the  DF  pumping  laser.  A 
aracteristic  feature  in  the  time  evolu- 
»n  of  the  gain  is  the  rapid  decay 
rich  becomes  more  pronounced  for 
creasing  pumping  energies.  This  is 
astrated  further  in  Figure  6.2a  where 
cillograms  arc  shown  in  longer  time 
lies.  Those  traces  were  all  recorded 
r  pumping  energies  of  about  75  inj. 
:  observe  that  ’’negative  gain”  is  mca- 
red  from  about  1.2  ps  after  the  start 
pumping,  and  the  undershoot  period 


SINGLE  PASS 
C02  LASER  GAIN 
(%> 


PUMPING 

ENERGY 

(mi) 


Figure  6. 1  lime  evolution  of  the  single 
pass  CO 2  laser  gain  for  a  ll) 
aim  gas  mixture  containing 
0.6%  DF,  j%  C02  and  94.4% 
He 
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To  check  the  assumptions  a  He-Ne  laser  beam  was  directed  through  the  pumped  gas 
volume  and  onto  a  detector.  The  time  dependence  of  the  He-Ne  laser  power  reaching 
the  detector  is  shown  in  Figure  6.2b.  The  results  confirm  that  strong  defocusing  of 
the  beam  is  responsible  for  the  undershoot  in  the  detector  signal.  In  this  case  we  were 
even  able  to  observe  the  defocusing  by  eye.  The  detector  signal  starts  to  decrease 
about  500  ns  after  the  st*.  1  of  pumping,  and  this  is  in  accordance  with  our  observa¬ 
tions  of  the  C02  laser  gain.  In  500  ns  a  pressure  wave  travels  about  0.5  mm,  and 
since  the  diameters  of  th*  pumping  and  probing  beams  are  1.6—  1.8  mm,  it  seems 
natural  that  defocusing  will  occur  in  that  timescale.  We  observe  that  only  10—20%  of 
the  He-Ne  laser  power  hits  the  detector  in  the  undershoot  period  which  lasts  as  long 
as  20  ms.  In  these  experiments  the  He-Ne  laser  beam  was  guided  into  a  screened  room 
over  a  distance  of  about  15  m  to  eliminate  the  noise  from  the  DF  laser  discharge. 
Due  to  the  long  distance  between  the  gas  cell  and  the  detector,  the  undershoot  in  the 
detector  signal  is  much  larger  than  in  the  gain  measurements,  and  this  also  explains 
the  long  duration  of  the  undershoot.  The  characteristic  ripple  in  the  detector  signal 
cannot  be  observed  in  Figure  6.2b  because  the  ripple  is  only  about  5%  of  the  total 
probing  beam  signal  (see  Figure  6.2a),  and  the  remaining  signal  is  here  only  0.1  —  0.2 
divisions  in  the  oscillogram.  The  ripple  has  however  been  observed  in  other  measure¬ 
ments  when  the  probing  beam  signal  was  larger. 

It  seems  that  the  effects  observed  here  may  have  significant  influence  on  the  perfor¬ 
mance  of  the  optically  pumped  laser.  The  defocusing  effect  starts  to  be  important  in 
a  time  interval  which  coincides  with  the  tail  of  the  COa  laser  pulse,  as  will  be  seen  in 
section  6.2.  It  is  however  difficult  to  predict  how  serious  this  effect  will  be  in  the 
laser.  The  laser  resonator  mode  will  probably  be  distorted,  but  it  is  not  obvious  that 
the  gain  of  the  resonator  mode  will  be  so  seriously  influenced  as  these  measurements 
of  the  gain  might  indicate.  The  measured  time  dependences  in  Figures  6.1  and  6.2 
obviously  depend  on  the  size  of  the  detector  area.  A  larger  detector  would  measure  a 
higher  gain  and  a  smaller  undershoot,  since  a  larger  part  of  the  defocused  probing 
radiation  would  then  hit  the  detector  surface.  A  detailed  theoretical  analysis  would  be 
required  to  find  out  from  the  results  of  the  gain  measurements  how  the  laser  perfor¬ 
mance  is  affected.  We  have  not  made  such  an  analysis,  and  we  shall  only  keep  these 
effects  in  mind  when  discussing  the  results  of  the  laser  experiments. 

A  large  number  of  gain  measurements  were  also  performed  in  the  case  of  multiline 
pumping  at  the  beginning  of  this  work.  They  were  all  performed  at  gas  pressures 
lower  than  1  atm,  and  the  results  were  qualitatively  the  same  as  those  presented 
above.  At  such  gas  pressures  one  would  expect  the  gas  heating  to  be  more  serious, 
but  in  multiline  pumping  the  pumping  energy  is  absorbed  in  a  considerably  larger  gas 
volume  (see  section  5.3.1),  and  the  measured  detector  signals  had  a  time  dependence 
similar  to  those  of  Figures  6.1  and  6.2a.  In  general,  higher  pumping  energies  resulted 
in  faster  decay  of  the  gain  as  in  Figure  6.1.  A  faster  decay  was  also  observed  for 
increasing  DF  partial  pressures,  due  to  enhanced  absorption  of  the  pumping  radiation. 

It  should  be  noted  that  the  effects  described  in  this  section  will  be  even  more 
pronounced  in  the  case  of  C02  laser  oscillation,  since  the  C02  laser  oscillation  leads 
to  a  faster  increase  in  the  T/R  temperature  as  explained  in  section  3.2.6  (see  Figure 
3.10). 


6.2  Results  of  laser  experiments  performed  with  the  two-mirror  C02  laser  resonator 

The  results  obtained  with  multiline  and  single-line  pumping  of  the  DF~+C02  transfer 
laser  will  be  presented  in  sections  6.2.1  and  6.2.2  respectively.  A  comparison  of  the 
maximum  pulse  energies  and  quantum  efficiencies  obtained  with  multiline  and  single- 
line  pumping  will  be  made  in  section  6.2.3. 
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6.2.1  Multiline  pumping 

Most  of  the  multiline  pumping  experiments  were  performed  with  the  experimental 
configuration  that  was  shown  in  Figure  5.2.  The  highest  C02  laser  pulse  energies  were 
not  obtained  in  this  configuration,  but  the  results  of  these  experiments  give  the  most 
complete  picture  of  the  laser  operation  characteristics  obtained  with  multiline  pump¬ 
ing,  since  data  were  taken  for  several  combinations  of  gas  mixture,  total  gas  pressure 
and  pumping  energy. 

The  results  are  summarized  in  Figure  6.3  where  the  C02  laser  pulse  energy  is  plotted 
as  a  function  of  the  total  multiline  pumping  energy  for  four  different  total  gas 
pressures.  The  DF  partial  pressure  has  been  varied  from  0.02  atm  to  0.06  atm  while 
C02  partial  pressures  of  about  0.5  atm  and  1.0  atm  have  been  used.  The  plotted 
output  energies  have  been  corrected  for  the  transmission  loss  in  the  filter  F  shown  in 
Figure  5.2.  The  relatively  large  uncertainties  in  the  results  of  the  multiline  pumping 
experiments  have  been  pointed  out  in  chapter  5.  Radiation  damage  at  the  input 
mirror  and  Brewster  windows  as  well  as  uncertainties  in  the  determination  of  the  DF 
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Figure  6.3  C02  laser  pulse  energies  obtained  with  multiline  pumping  at  different  gas 

pressures 
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partial  pressure  are  the  most  important  sources  of  experimental  errors.  It  is  observed 
in  Figure  6.3  that  the  choice  of  gas  mixture  seems  not  to  be  critical  with  respect  to 
the  C02  laser  output  energies.  The  scattering  in  the  data  points  for  the  same  gas 
mixture  is  in  many  cases  greater  than  the  variations  for  the  different  gas  mixtures, 
and  a  definite  conclusion  about  the  choice  of  optimum  gas  mixtures  is  difficult  to 
make.  It  seems  however  that  the  highest  DF  partial  pressures  give  the  best  results  at 
high  total  gas  pressure.  This  is  particularly  evident  at  19  atm  gas  pressure,  but  it 
should  be  noted  that  only  few  data  exist  at  that  pressure.  A  variation  in  the  C02 
partial  pressure  by  a  factor  of  two  seems  not  to  result  in  significant  changes,  but  only 
few  data  have  been  taken.  It  can  furthermore  be  noticed  that  the  threshold  pumping 
energy  for  the  onset  of  COj  laser  oscillation  increases  with  increasing  gas  pressure, 
and  there  is  a  corresponding  decrease  in  the  output  energies. 

The  CO]  laser  output  energies  are  low  compared  with  the  total  pumping  energies,  but 
it  should  be  noted  that  only  a  low  fraction  of  the  multiline  pumping  energy  is 
absorbed  by  the  gas,  and  we  must  also  account  for  the  fact  that  the  energy  of  a 
pumping  photon  is  almost  three  times  larger  than  that  of  a  C02  laser  photon.  It  was 
explained  in  section  5.1  that  the  determination  of  the  absorbed  multiline  pumping 
energy  became  very  uncertain.  The  amounts  of  absorbed  pumping  energy  that  were 
measured  for  different  10  atm  gas  mixtures  are  plotted  in  Figure  6.4.  It  is  actually 
surprising  that  the  data  are  as  consistent  as  the  figure  shows.  Even  if  there  are  a  few 
large  inconsistencies,  it  should  be  possible  to  determine  the  absorbed  energies  with  an 
accuracy  better  than  ±15%  for  the  highest  pumping  energies.  We  observe  that  less 
than  25%  of  the  highest  pumping  energies  is  absorbed,  and  there  seems  to  be  a 
general  trend  of  saturation  in  the  absorption  at  high  pumping  energies.  It  has  been 
pointed  out  earlier  that  the  (1~H))  pumping  laser  lines  are  most  strongly  absorbed. 
These  contain  about  30%  of  the  pulse  energy  (see  section  5.2.1).  It  is  clear  that  a 
significant  part  of  this  energy  is  also  transmitted  through  the  cell.  We  have  observed 
that  particularly  the  1P(10)  and  1P(1 1)  lines  are  transmitted,  but  an  exact  determina¬ 
tion  of  the  transmittance  became  difficult  because  of  the  large  pulse  to  pulse  varia¬ 
tions  of  the  energies  of  the  individual  lines.  For  the  same  reason  we  were  not  either 
able  to  determine  whether  the  (2~*1)  or  (3-*2)  lines  were  significantly  absorbed,  but 
it  seems  to  us  that  their  contribution  to  the  excitation  in  our  experiments  is  of  minor 
importance. 

The  apparent  advantage  of  using  higher  DF  partial  pressures  at  high  total  gas  pressures 
can  be  explained  by  the  fact  that  a  substantial  enhancement  in  the  absorption  of  the 
pumping  radiation  is  obtained  by  increasing  the  DF  partial  pressure,  as  can  be  seen  in 
Figure  6.4.  The  increased  absorption  more  than  compensates  for  the  faster  deactiva- 


tion  of  the  C02  j>3  mode  which  occurs  at  high  DF  partial  pressures  (refer  to  the 
discussion  of  section  3.2.5). 

A  few  measurements  were  made  with  the  configuration  of  Figure  5.1  at  the  end  of 
the  multiline  pumping  experiments.  This  is  the  configuration  that  was  used  in  all  the 
single-line  pumping  experiments.  We  shall  present  the  best  results  from  these  measure¬ 
ments  in  section  6.2.3  where  they  will  be  compared  with  the  corresponding  results 
obtained  with  single-line  pumping.  Approximate  quantum  efficiencies  will  also  be 
given,  and  these  are  calculated  from  the  absorption  data  of  Figure  6.4.  The  output 
energies  obtained  with  this  configuration  were  considerably  higher  than  those  of 
Figure  6.3,  and  we  believe  that  this  may  be  explained  by  lower  absorption  or  scatter¬ 
ing  losses  in  the  mirrors  that  were  used  in  this  case. 

The  C02  laser  pulse  shapes  obtained  with  multiline  pumping  were  not  essentially 
different  from  those  obtained  with  single-line  pumping,  and  they  are  difficult  to 
discuss  since  no  theoretical  calculations  have  been  performed  for  this  case.  The  reader 
is  therefore  referred  to  the  presentation  and  discussion  of  pulse  shapes  in  the  case  of 
single-line  pumping  in  section  6.2.2. 

6.2.2  Single-line  pumping 

The  single-line  pumping  experiments  were  concentrated  on  measurements  with  10  atm 
laser  gas  mixtures,  and  the  1P(7)  DF  laser  line  was  used  for  pumping  in  all  cases.  The 
gas  mixing  procedure  described  in  Appendix  F  was  used  in  these  experiments,  and 
this  reduced  the  experimental  uncertainties  considerably.  No  significant  radiation 
damage  was  observed  in  these  experiments,  and  we  believe  that  the  experimental 
conditions  have  been  reasonably  constant  during  the  measurements.  The  experimental 
configuration  has  been  shown  in  Figure  5.1. 


Curves  of  C02  laser  output  energy  as  a  function  of  the  single-line  pumping  energy  are 
shown  in  Figure  6.5  for  different  10  atm  gas  mixtures.  The  coding  a,  b,  c  .  . .  for  the 
gas  mixtures  is  the  same  as  the  coding  used  in  chapter  4,  and  it  will  be  used  also  in 


later  figures  in  this  section.  The  results 
are  corrected  for  the  transmission  loss 
in  the  beamsplitter  BS  of  Figure  5.1. 
Each  curve  is  the  best  fit  of  a  straight 
line  to  15—20  data  points.  A  typical 
example  of  the  recorded  data  points  is 
shown  in  Figure  6.6.  These  are  the  data 
that  gave  curve  b  in  Figure  6.5.  The 
output  energy  seems  to  increase  linearly 
with  the  pumping  energy  for  pumping 
energies  above  the  threshold.  Some  of 
the  deviations  from  a  straight  line  may 
be  explained  by  small  variations  in  the 
pumping  pulse  shapes  (see  Figure  5.6). 

We  observe  from  Figure  6.5  that  the 
C02  laser  output  energy  is  not  criti¬ 
cally  dependent  on  the  choice  of  gas 
mixture,  and  this  agrees  well  with  the 
results  of  the  multiline  pumping  experi¬ 
ments.  It  should  here  be  remembered 
that  our  theoretical  calculations  in 
chapter  4  gave  almost  identical  quan¬ 
tise  gas  mixtures  b,  c,  d,  e  and  f.  The 
differences  observed  in  Figure  6.5  and  in  the  experimental  pulse  shapes  shown  later 
are  thus  not  explained  by  our  theoretical  model. 

The  results  of  Figure  6.5  indicate  a  slight  increase  in  the  threshold  pumping  energy 
for  increasing  DF  partial  pressure  (curves  a,  b,  c,  d).  We  observe  that  curve  d  for  the 
highest  DF  partial  pressure  is  significantly  displaced  from  the  other  curves,  but  it  is 
interesting  to  note  that  the  slope  of  that  curve  is  about  the  same  as  for  the  others. 
With  the  possible  exception  of  curve  c  the  differences  in  the  slopes  of  the  curves  are 
within  our  experimental  uncertainties,  and  this  may  indicate  that  the  slope  quantum 
efficiency  is  mainly  determined  by  the  ratio  between  the  output  coupling  Tout  and 
the  round  trip  resonator  loss  fiR.  We  shall  see  in  section  6.2.3  that  the  round  trip 
resonator  loss  calculated  from  the  measured  slope  quantum  efficiencies  is  considerably 
higher  than  the  value  of  6%  used  in  our  theoretical  calculations  of  chapter  4.  This 
seems  to  explain  why  the  experimental  quantum  efficiencies  presented  in  the  next 
section  are  lower  than  the  calculated  values  of  chapter  4.  The  apparent  increase  in  the 
pumping  threshold  with  increasing  DF  pressure  may  be  caused  by  a  stronger  for¬ 
mation  of  pressure  waves,  and  we  shall  also  comment  on  this  later  in  the  discussion 
of  the  COj  laser  pulse  shapes. 

Apart  from  the  lower  quantum  efficiencies  (see  section  6.2.3)  the  results  of  Figure 
6.5  are  in  reasonable  agreement  with  the  theoretical  results  of  chapter  4  which 
showed  very  small  changes  in  the  output  energies  with  gas  mixture.  Curve  d  seems 
however  to  be  significantly  displaced  from  the  others.  It  should  be  mentioned  that 
the  experiment  with  gas  mixture  c  was  repeated  three  times,  and  the  differences  in 
the  measured  threshold  and  slope  were  not  more  than  10%.  The  other  gas  mixtures 
were  only  tested  once. 
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Figure  6.6  Recorded  data  points  leading 
to  curve  b  in  Figure  6.5 


turn  efficiencies  and  pulse  shapes  for  all 


The  measured  C02  laser  pulse  shapes  for  the  different  gas  mixtures  are  shown  in 
Figure  6.7.  The  oscillograms  sue  identified  by  the  letters  a— f  that  were  used  in  Figure 
6.5.  The  vertical  scales  of  the  oscillograms  are  not  comparable.  All  the  pulse  shapes 
are  measured  for  a  pumping  energy  of  approximately  75  mj.  The  pumping  pulse  is 
shown  in  the  same  time  scale  for  comparison,  and  the  calculated  pulse  shape  of 
chapter  4  is  also  shown  at  the  bottom.  Note  that  almost  identical  theoretical  pulse 
shapes  were  calculated  for  all  the  gas  mixtures  in  chapter  4. 
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Figure  6.  7  G’Oj  laser  pulse  shapes  obtained 
with  different  10  atm  gas  mix¬ 
tures  for  approximately  75  mj 
single-line  pumping  energy 


Significant  differences  are  observed 
in  the  experimental  pulse  shapes  for 
the  different  gas  mixtures.  Above 
all  it  appears  that  the  laser  oscilla¬ 
tion  build-up  time  increases  with 
decreasing  1)F  partial  pressure  and 
decreases  with  increasing  CX)2  par¬ 
tial  pressure.  The  latter  effect  might 
be  explained  by  a  shorter  energy 
transfer  time  at  high  C02  pressures, 
but  according  to  the  computer  cal¬ 
culations  the  effect  should  not  be 
significant.  We  shall  see  below  that 
as  much  as  20%  of  the  pumping 
energy  is  transmitted  through  the 
gas  cell  at  the  lowest  I)F  partial 
pressure,  but  that  energy  is  reflec¬ 
ted  back  into  the  resonator  mode 
by  the  rear  laser  mirror,  and  this 
should  therefore  not  lead  to  re¬ 
duced  gain  and  longer  build-up 
time.  Pressure  waves  should  be  of 
minor  importance  in  the  build-up 
period,  and  they  are  not  likely  to 
explain  the  differences.  It  therefore 
seems  that  effects  in  the  laser  dyna¬ 
mics  which  are  not  known  to  us  at 
present  may  play  a  significant  role. 
Nevertheless  it  should  be  noted  that 
the  differences  in  build-up  time  are 
only  about  ±60  ns  for  the  mixtures 
b— f,  and  the  agreement  with  the 
calculated  build-up  time  is  reason¬ 
able. 

The  full  width  at  half  maximum  of 
the  measured  pulses  is  60- 100  ns, 
while  that  of  the  calculated  pulses 
is  about  40  ns.  Significant  diffe¬ 
rences  arc  also  observed  in  the  pulse 
tails.  While  the  pulse  tail  for  mix¬ 
ture  a  lasts  almost  as  long  as  the  tail 
of  the  pumping  pulse,  the  pulse  tail 
lacks  completely  at  the  highest  I)F 
partial  pressure,  d.  We  observed  in 
the  gain  measurements  (section  6.1) 
that  pressure  waves  seem  to  become 
important  in  a  time  interval  which 
coincides  with  the  tails  of  the  C02 
laser  pulses.  Formation  of  pressure 
waves  will  be  most  serious  at  high 
1)F  partial  pressures,  and  this  may 
be  the  reason  why  the  laser  oscilla¬ 
tion  in  the  pulse  tail  is  quenched 
for  mixture  d. 

Even  if  pressure  wave  formation 
may  explain  some  of  the  deviations 
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that  are  observed  in  the  results  obtained  with  the  different  gas  mixtures,  it  should  be 
noted  that  assumptions  and  simplifications  made  in  the  theoretical  model  may  also 
lead  to  significant  errors  in  the  calculated  results.  Most  questionable  is  probably  the 
assumption  of  a  plane  pumping  laser  field  and  a  plane  COz  laser  Held.  The  distri¬ 
bution  of  the  excitation  energy  and  gain  along  the  resonator  axis  will  differ  consider¬ 
ably  for  the  different  gas  mixtures  (see  Figures  4.2  and  4.3),  and  it  is  possible  that 
the  different  axial  distributions  combined  with  a  varying  mode  diameter  along  the 
axis  may  explain  some  of  the  observed  effects.  It  should  be  noted  that  the  pumping 
laser  intensity  Ip  used  in  the  calculations  is  only  a  rough  estimate,  and  the  fine 
structure  of  the  experimental  pumping  pulse  has  been  neglected.  The  choice  of  round 
trip  resonator  losses  £R  also  influences  the  calculated  pulse  shapes.  The  parameters 
can  be  adjusted  for  better  agreement  between  experimental  and  theoretical  pulse 
shapes,  but  this  has  not  been  studied  in  detail.  It  seems  however  that  the  calculated 
pulse  widths  will  be  smaller  than  the  experimental  pulse  widths  for  all  reasonable 
choices  of  parameters.  It  should  be  mentioned  that  we  have  assumed  C02  laser 
oscillation  to  occur  at  the  R(18)  line  centre  at  974.6  cm"’  in  the  theoretical  calcula¬ 
tions,  while  the  laser  oscillated  at  2—4  line  centres  simultaneously  in  the  experiments. 
It  is  possible  that  small  differences  in  the  build-up  times  of  the  different  laser  lines 
will  lead  to  a  larger  pulse  width,  but  this  has  not  been  analyzed  further. 

When  comparing  the  results  of  Figures  6.5  and  6-7  it  is  observed  that  the  output 
energies  differ  negligibly  even  if  there  are  significant  differences  in  build-up  times  and 

pulse  shapes.  The  only  exception  is  gas 
mixture  d,  where  strong  formation  of  pres¬ 
sure  waves  has  been  suggested  as  an  ex¬ 
planation  of  the  deviation. 

In  Figure  6.8  the  C02  laser  pulse  shapes 
are  shown  for  different  pumping  energies 
using  gas  mixture  c  of  Figure  6.5.  The 
build-up  time  increases  from  about  240  ns 
to  400  ns  for  a  reduction  in  the  pumping 
energy  from  83  mj  to  48  mj.  The  vertical 
scales  arc  comparable  for  these  oscillo¬ 
grams,  and  the  relative  dependence  of  the 
pulse  area  on  the  pumping  energy  agrees 
reasonably  well  with  the  results  of  Figure 
6.5.  48  mj  is  only  12— 13  mj  above  the 
threshold  pumping  eneigy,  and  the  pulse 
width  is  larger  than  for  higher  pumping 
energies  due  to  lower  gain  and  slower  gain 
switching. 

We  have  studied  the  pumping  radiation  that 
is  transmitted  through  the  gas  cell  for  the 
gas  mixtures  a...f.  The  transmitted  pumping 
energy  as  a  function  of  the  incident  pump¬ 
ing  energy  is  plotted  in  Figure  6.9.  It  can 
be  seen  that  the  transmitted  fraction  is 
lower  than  10%  except  for  mixture  a  with 
the  lowest  DF  partial  pressure,  where 
20—25%  is  transmitted.  The  dependence  of 
the  transmittance  on  the  gas  mixture  is 
Figure  6.8  C02  laser  pulse  shapes  ob-  qualitatively  in  agreement  with  our  calcu- 

tained  with  gas  mixture  c  lations,  but  the  calculated  transmittance  is 

of  Figure  6.5  for  different  lower  than  1%  for  all  the  mixtures  b...f 

single-line  pumping  ener-  which  have  been  studied  theoretically. 
gies.  There  may  be  several  reasons  for  these  dis- 

t  =  0  at  the  start  of  the  pumping  pulse. 
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Figure  6.9  Transmitted  single-line  pump¬ 
ing  energies  for  different 
10  atm  gas  mixtures 


crcpancies.  First,  our  estimates  of  the 
pumping  radiation  intensity  may  be  too 
low,  so  that  a  stronger  saturation  of  the 
absorption  occurs  during  the  excitation. 
It  was  also  pointed  out  in  section  3.2.2 
and  in  chapter  4  that  our  assumption  of 
a  Boltzmann  distribution  at  tempera¬ 
ture  T4  in  the  DF  vibrational  energy 
ladder  is  questionable,  since  the  pump¬ 
ing  rate  is  of  about  the  same  magnitude 
as  the  internal  V— V  relaxation  rate  in 
DF.  This  may  lead  to  a  stronger  satura¬ 
tion  of  the  absorption  than  predicted 
by  our  model.  We  also  feel  that  uncer¬ 
tainties  in  the  reported  values  of  the 
Lorentz  broadening  coefficients  and 
Einstein  coefficient  for  the  DF  absorp¬ 
tion  transition  may  lead  to  significant 
errors  in  the  absorption  coefficient. 
Saturation  of  the  absorption  for  pump¬ 
ing  energies  larger  than  certain  thres¬ 
holds  is  clearly  observed  in  Figure  6.9. 
The  threshold  increases  for  increasing 
DF  partial  pressure  as  expected. 

The  pulse  shapes  of  the  transmitted 
pumping  pulses  are  shown  in  Fi¬ 
gure  6.10  for  four  of  the  gas  mixtures, 
and  for  a  pumping  energy  of  about 
75  mj.  The  saturation  of  the  absorption 
is  clearly  observed,  but  the  pulse  sharp¬ 
ening  is  much  more  pronounced  than  in 
the  calculated  transmitted  pulses  (see 
Figure  4.6).  Only  a  sharp  spike  at  the 
leading  edge  of  the  pumping  pulse  is 
transmitted  for  the  highest  DF  partial 
pressure,  while  a  tail  is  observed  for  the 
lowest  DF  pressure.  The  extreme  sharp¬ 
ness  of  the  pulses  might  indicate  that 
effects  other  than  pure  saturation  are 
involved.  Strong  defocusing  of  the 
pumping  beam  caused  by  pressure 
waves  might  be  one  possible  reason. 
However,  the  oscillograms  in  Fi¬ 
gure  6.10  were  recorded  by  reflecting 
the  radiation  diffusely  onto  the  detec¬ 
tor,  and  defocusing  effects  should 
therefore  not  influence  the  measured 


pulse  shape.  It  therefore  seems  that 
saturation  is  the  most  probable  explanation  of  the  observed  pulse  shapes.  It  should  be 
remembered  that  a  smooth  pumping  pulse  has  been  assumed  in  the  computer  calcu¬ 
lations,  and  it  may  be  that  the  spiking  phenomena  in  the  pumping  pulse  lead  to  other 
effects  than  those  observed  in  the  computed  results.  There  is  a  particularly  high  spike 
in  the  leading  edge  of  most  of  the  pumping  pulses,  and  it  is  possible  that  this  spike 
will  lead  to  a  sharp  transmitted  pulse. 


In  Figure  6.11  curves  are  shown  for  the  C02  laser  pulse  energy  as  a  function  of  the 
pumping  energy  for  different  total  gas  pressures.  This  dependence  was  only  measured 
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for  gas  mixtures  containing  0.06  atm 
Df  and  0.5  atm  C02 .  The  curves  are 
the  best  fits  of  straight  lines  to  data 
points  like  those  that  were  shown  in 
Figure  6.6.  The  lines  are  dashed  for 
regions  where  data  points  are  missing. 
Most  striking  arc  the  small  differences 
observed  in  the  results  for  5,  10  and 
18.5  atm  pressure.  The  results  may  be 
explained  as  follows:  At  0.56  atm  pres¬ 
sure  the  gain  is  so  high  that  only  a 
small  threshold  pumping  energy  is  re¬ 
quired  to  start  the  laser  oscillation. 
When  the  pressure  is  increased  to 
5  atm,  the  gain  decreases  considerably 
due  to  the  pressure  broadening  of  the 
COj  laser  lines,  and  the  pumping  thres¬ 
hold  at  5  atm  is  therefore  much  higher. 
For  a  further  increase  in  the  gas  pres¬ 
sure  the  C02  laser  lines  start  to  over¬ 
lap,  and  there  is  no  further  reduction  in 
the  gain  due  to  the  pressure  broaden¬ 
ing.  One  would  still  expect  an  increase 
in  the  pumping  threshold  because  of  an 
increasing  decay  rate  of  the  C02  v3 
inode,  but  it  seems  that  faster  decay  is 
of  small  importance.  It  should  here  be 
remarked  that  He  only  contributes  with 
about  60%  to  the  decay  rate  of  the 
C02  v3  mode  even  at  18.5  atm  total 
pressure  (sec  section  3.2.5),  which 
means  that  the  decay  rate  increases 
only  by  a  factor  of  2.5  when  the  pres¬ 
sure  is  raised  from  0.56  atm  to 
18.5  atm.  It  is  also  possible  that  re¬ 
duced  influence  from  pressure  waves  at 
high  pressures  may  compensate  for  in¬ 
creased  decay  rates. 


Figure  6. 10  Transmitted  single-line  pump¬ 
ing  pulse  shapes  for  different  *act  ^lat  t‘lc  laser  pulse 

10  atm  gas  mixtures  tncr8>’  seems  to  increase  linearly  with 

The  incident  pumping  pulse  energy  thc  Piping  energy  in  Figure  6.1 1  as 
is  approximately  75  mj.  well  as  in  Figure  6.5  may  contradict 

our  assumption  of  thc  importance  of 
pressure  waves.  Thc  influence  of  pres¬ 
sure  waves  would  be  expected  to  in¬ 
crease  for  increasing  pumping  energy,  which  could  lead  to  a  saturation  in  thc  C02 
laser  output  energies.  Since  this  is  not  observed,  it  may  be  that  we  have  overestimated 
this  effect. 


Thc  C02  laser  pulse  shapes  at  thc  different  total  gas  pressures  arc  shown  in  Figure 
6.12  for  pumping  energies  of  about  75  mj.  The  observed  pulse  shapes  seem  to  fit  well 
into  the  picture  of  Figure  6.11  except  perhaps  for  the  relatively  large  difference  in 
thc  pulse  shapes  at  10  and  18.5  atm  gas  pressure. 


C02  LASER 
PULSE 


SINGLE  LINE  FUMFING  ENERGY  Ml 


Figure  6.11  C02  laser  output  energy  us  a 
function  of  the  single-line 
pumping  energy  at  different 
gas  pressures 

All  gas  mixtures  contain  0.06  atm  I)F  and  0.5  atm 

co2. 


Figure  6.12  C02  laser  pulse  sha/ 
obtained  at  different  ; 
pressures  for  75  mj  sin y 
line  pumping  energy 
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Figure  6.13  Transversal  mode  patterns  of 
the  C02  laser  beams 

(a)  -  Good  alignment  of  the  laser  resonator 

(b) ,  (c),  (d)  -  Misaligned  laser  resonator 


In  Figure  G.13  wc  give  some  examples 
of  transversal  mode  patterns  of  the 
C02  laser  beam  that  have  been  re- 
cordetl  with  a  pyroelectric  viilicon. 
The  experiments  are  made  with  a 
10  atm  gas  mixture  containing  0.(»% 
1)F,  5%  C02  and  94.4%  He.  Ihe 
mode  pattern  (a)  was  obtained  for 
good  alignment  of  the  laser  resonator 
relative  to  the  pumping  beam,  and  the 
mode  diameter  agrees  well  with  that 
of  a  TKMnn  resonator  mode.  The 
higher  order  transversal  mode  patterns 
(b),  (c)  and  (d)  were  obtained  with 
misaligned  laser  mirrors.  Pattern  (a) 
was  obtained  after  the  resonator  was 
aligned  with  a  llc-Ne  laser  beam,  and 
further  ailjustmcnts  did  not  lead  to 
significant  improvements  in  the  mode 
quality  or  in  the  output  energies.  The 
vidicon  was  only  available  to  us  for  a 
short  period  of  time,  and  no  such 
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recordings  exist  for  other  gas  mixtures  or  for  multiline  pumping. 


Before  ending  this  section  we  shall  mention  that  the  COa  laser  oscillated  on  several 
lines  simultaneously  when  the  two-mirror  resonator  was  used.  At  10  atm  it  oscillated 
typically  on  the  R(12)  —  R(18)  lines  in  the  975  cm'1  region,  and  this  is  consistent 
with  the  theory  which  predicts  highest  gain  in  the  R-branch  at  high  gas  press-j  .  (see 
Figure  3.4). 

6.2.3  Output  energies  and  quantum  efficiencies 

In  this  section  we  summarize  the  best  results  that  have  been  obtained  with  multiline 

and  single-line  pumping  with  respect  to  C02  laser  output  energies  and  quantum 

efficiencies.  The  maximum 
pulse  energies  obtained  at  dif¬ 
ferent  gas  pressures  are  plotted 
in  Figure  6.14.  As  mentioned 

in  section  6.2.1  the  configura¬ 

tion  of  Figure  5.1  gave  the 
best  results  also  in  the  case  of 
multiline  pumping.  A  3.5% 
output  coupler  was  then  used 
as  in  the  single-line  pumping 
experiments,  and  the  maxi¬ 
mum  pulse  energies  are  shown 
by  the  filled  triangles  in  Figure 
6.14.  The  maximum  pulse 
energies  obtained  with  the 
same  configuration  using  single 
line  pumping  are  shown  by  fil¬ 
led  circles.  These  data  are 
taken  from  Figure  6.11.  In 
single-line  pumping  a  7%  out¬ 
put  coupler  was  also  tested, 
and  the  open  circles  show  the 
pulse  energies  that  were  ob¬ 
tained  using  that  output  coup¬ 
ler. 


Figure  6.14  Maximum  COt  laser  pulse  energies 
obtained  with  multiline  and  single-line 
pumping 

Filled  triangles  —  multiline  pumping,  3.5%  output  coupling 
Filled  circles  —  single-line  pumping,  "  ”  ” 

Open  circles  —  single-line  pumping,  7%  ”  ” 


The  corresponding  quantum 
efficiencies  are  shown  in  Fi¬ 
gure  6.15.  Two  kinds  of  quan¬ 
tum  efficiencies  are  plotted. 
The  ratio  between  the  number 
of  generated  C02  laser 
photons  and  the  number  of 
absorbed  pumping  photons  is 
called  the  total  quantum  effi¬ 
ciency.  The  slope  quantum 
efficiency  is  calculated  by  dividing  the  number  of  C02  laser  photons  by  the  number 
of  absorbed  pumping  photons  that  exceed  the  threshold  for  onset  of  C02  laser 
oscillation.  The  slope  efficiency  is  often  the  most  relevant  quantity  because  it  gives 
the  efficiency  that  can  be  obtained  when  the  laser  is  operated  far  above  the  thres¬ 
hold.  The  efficiencies  obtained  with  multiline  pumping  have  been  calculated  from  the 
pulse  energies  of  Figure  6.14  and  absorption  data  like  those  of  Figure  6.4.  No  results 
are  given  for  slope  efficiency  in  the  case  of  multiline  pumping  because  of  the  large 
uncertainties  in  the  measured  pumping  thresholds.  The  results  are  all  obtained  with 
gas  mixtures  containing  0.06  atm  DF  and  0.5  atm  C02. 


83 


The  results  of  the  multiline  pumping 
experiments  show  that  the  C02  laser 
output  energy  as  well  as  the  quantum 
efficiency  decreases  substantially  for  in¬ 
creasing  total  gas  pressure,  contrary  to 
what  we  observe  in  the  case  of  single-line 
pumping.  The  decrease  in  the  output 
energies  is  partly  owing  to  reduced  ab¬ 
sorption  of  the  pumping  radiation.  We 
also  assume  that  laser  oscillation  in 
higher  order  transversal  modes  may 
occur  at  low  gas  pressures.  This  will 
compensate  for  the  large  mismatch  be¬ 
tween  the  excited  gas  volume  and  the 
TEMq0  resonator  mode  and  lead  to  high 
output  energies  and  quantum  efficien¬ 
cies.  The  number  of  oscillating  transver¬ 
sal  modes  will  probably  decrease  for  in¬ 
creasing  pressure,  but  we  have  not 
studied  this  experimentally.  It  is  more 
difficult  to  explain  why  higher  output 
energies  and  quantum  efficiencies  can  be 
obtained  with  multiline  pumping  than 
with  single-line  pumping  at  gas  pressures 
up  to  10  atm.  One  possible  reason  is  that 
the  influence  of  pressure  waves  is  smaller 
in  multiline  pumping  since  the  excitation 
energy  is  distributed  in  a  larger  gas 
volume.  We  would  however  expect  that 
the  large  mismatch  with  the  TEM00  re¬ 
sonator  mode  would  lead  to  considerably 
lower  quantum  efficiency  at  10  atm  pres¬ 
sure.  The  uncertainties  in  our  measure¬ 
ments  of  the  absorbed  multiline  pumping 
energies  are  not  either  likely  to  give  a 
full  explanation  of  these  results.  Another 
possibility  is  that  reflected  multiline 
pumping  energy  from  the  rear  laser  mirror  M2  may  contribute  more  significantly  to 
the  excitation  than  we  have  assumed  (see  section  5.1).  Altogether  the  quantum  effi¬ 
ciencies  presented  for  the  case  of  multiline  pumping  should  only  be  regarded  as  rough 
indications,  and  it  may  seem  that  they  are  too  high  compared  with  the  results  ob¬ 
tained  with  single-line  pumping. 

We  observe  in  Figures  6.14  and  6.15  that  the  pulse  energy  and  quantum  efficiency 
obtained  with  single-line  pumping  at  1 0  atm  gas  pressure  become  considerably  higher 
when  the  output  coupling  is  increased  from  3.5%  to  7%.  This  illustrates  the  fact  that 
the  output  coupling  is  not  the  dominating  part  of  the  round  trip  resonator  losses. 
With  higher  output  coupling  the  other  resonator  losses  become  less  important,  and 
the  efficiency  can  be  increased.  The  slope  efficiencies  obtained  with  the  3.5%  output 
coupler  are  in  the  range  of  20—24%  for  all  the  gas  pressures  in  Figure  6.15,  and 
efficiencies  in  the  same  range  can  be  found  from  the  curves  in  Figure  6.5  for  the 
different  10  atm  laser  gas  mixtures.  The  fact  that  the  slope  efficiency  remains 
approximately  unchanged  for  all  choices  of  gas  pressure  and  gas  mixture  strongly 
indicates  that  the  slope  efficiency  is  determined  by  the  ratio  between  the  output 
coupling  TOUT  and  the  round  trip  resonator  losses  8R.  This  means  that  fiR  will  be  in 
the  range  of  14—18%,  which  is  far  above  the  value  of  6%  used  in  the  calculations  of 
chapter  4.  We  are  unable  to  explain  how  the  losses  can  become  so  high,  but  if  this  is 
correct,  it  means  that  great  improvements  in  the  quantum  efficiencies  could  be  ob- 
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Figure  6.15  Total  quantum  efficiencies 
and  slope  quantum  efficien¬ 
cies  obtained  with  multiline 
pumping  and  single-line 
pumping 

The  coding  was  explained  in  the 
text  of  Figure  6.14. 
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tained  with  a  low-loss  laser  resonator.  Theoretical  calculations  have  been  performed 
for  gas  mixture  c  of  Figure  6.5,  using  a  round  trip  loss  of  £R  =  1 5%  and  output 
:oupling  Tout  =  3.5%.  The  calculations  gave  a  slope  quantum  efficiency  of  about 
20%  which  confirms  that  the  slope  efficiency  is  approximately  given  by  the  ratio 
roUT  calculated  total  quantum  efficiency  also  then  compared  well  with  the 

/alue  of  14%  found  in  Figure  6.15,  in  contrast  to  the  value  of  45%  calculated  in 
:hapter  4.  The  calculated  build-up  time  was  280  ns,  which  is  about  40  ns  longer  than 
the  experimental  value  of  Figure  6.7. 

Hie  slope  quantum  efficiency  obtained  with  the  7%  output  coupler  at  10  atm  gas 
pressure  is  about  35%  (see  Figure  6.15),  which  indicates  that  20%.  This  agrees 
/veU  with  the  £R  of  14—18%  found  from  the  results  obtained  with  the  3.5%  output 
:oupler.  The  result  obtained  at  18.5  atm  gas  pressure  with  the  7%  output  coupler  is 
;omewhat  confusing,  and  it  should  be  mentioned  that  the  result  is  based  on  a  single 
txperiment  only.  A  further  investigation  will  be  necessary  before  definite  conclusions 
ran  be  drawn. 

Ihe  output  energies  and  quantum  efficiencies  obtained  in  this  work  are  considerably 
ligher  than  those  reported  previously  for  optically  pumped  high-pressure  C02  lasers, 
in  particular,  comparing  with  the  results  listed  in  Table  1.1,  it  can  be  seen  that  the 
>utput  energies  obtained  with  the  present  excitation  scheme  are  more  than  an  order 
)f  magnitude  higher  than  previously  reported  values. 

rhe  peak  power  of  the  CO,  laser  pulses  has  net  been  measured  directly  in  these 
experiments,  but  from  the  measured  pulse  energies  and  pulse  shapes  we  have  estim- 
ited  that  the  peak  power  obtained  with  the  7%  output  coupler  at  10  atm  gas  pressure 
s  in  the  order  of  40  kW. 


>.3  Results  of  frequency  tuning  experiments 

Vs  pointed  out  in  section  5.7,  the  main  purpose  of  the  frequency  tuning  experiments 
vas  to  demonstrate  the  feasibility  of  continuous  tuning  of  the  laser  frequency.  A 
urther  refinement  of  the  techniques  for  narrow-band  continuous  tuning  could  not  be 
lone  within  the  frame  of  this  work.  The  C02  laser  R-branch  at  about  975  cm'1  was 
:hosen  as  an  example  in  these  experiments,  since  the  highest  gain  and  the  best  line 
>verlapping  is  obtained  in  the  R-b  ranches. 

The  resonator  configuration  used  for  frequency  tuning  in  the  case  of  multiline  pump- 
ng  was  discussed  in  section  5.7  (see  Figures  5.9a  and  5.10).  A  10  atm  gas  mixture 
ontaining  0.6%  DF,  4.4%  C02  and  95%  He  was  used.  Without  the  Fabry-Perot  etalon 
n  the  resonator  the  laser  oscillated  at  2—3  C02  line  centres  simultaneously  due  to 
he  broad  frequency  bandwidth  of  the  mirror-grating  ’’etalon”.  Using  the  2  mm  un- 
oated  ZnSe  etalon  in  addition,  we  were  able  to  obtain  lasing  in  the  frequency 
egions  shown  in  Figure  6.16.  Since  the  free  spectral  range  of  the  etalor.  was  only 
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Tigure  6.16  Results  of  frequency  tuning  experiment  in  the  case  of  multiline  pumping 

C02  later  oscillation  occurs  at  two  transmission  maxima  of  the  2  mm  ZnSe  etalon  (see 
explanation  in  the  text). 
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about  1  cm'1 ,  laser  oscillation  occurred  simultaneously  at  two  transmission  peaks  of 
the  etalon,  but  the  feasibility  of  using  such  a  resonator  configuration  was  clearly 
demonstrated.  Etalons  with  larger  free  spectral  ranges  were  not  available  for  our 
experiments  at  that  time,  and  further  frequency  tuning  experiments  with  that  con¬ 
figuration  were  not  performed. 

In  the  single-line  pumping  experiments  a  beam-expander  was  used  to  achieve  a  larger 
resonator  mode  beamwaist  at  the  grating  as  it  was  shown  in  Figure  5.9b.  The  frequen¬ 
cy  resolution  bandwidth  of  the  grating  then  became  so  narrow  that  continuous  tuning 
of  the  laser  frequency  between  two  C02  line  centres  could  be  demonstrated  without 
using  an  additional  etalon.  The  measured  laser  frequencies  as  a  function  of  the  change 
in  the  grating  tilt  angle  are  shown  in  Figure  6.17.  A  12  atm  gas  mixture  containing 

0.5%  DF,  4.2%  C02  and  95.3%  He  was 
used  in  this  case.  We  observe  that  the 
frequency  region  between  R(16)  and 
R(18)  is  completely  covered.  Ignoring 
the  spectral  fine  structure  of  the  laser 
gain  in  the  frequency  tuning  region,  the 
laser  frequency  would  be  expected  to 
change  linearly  with  small  changes  in 
the  grating  tilt  angle.  This  is  indicated 
by  the  linear  tuning  curve  in  Figure 
6.17.  Actually  we  know  that  the  laser 
gain  will  have  a  complex  spectral  struc¬ 
ture.  First,  the  interaction  between 
overlapping  vibrational/rotational  lines 
(see  section  3.1.5)  will  modify  the 
spectrum  obtained  in  the  simple  theory 
of  independent  overlapping  of  Lorent- 
zian  ih:  .n  and  the  contribution  to  the 
gain  fi  .in  the  sequence  band  lines  will 
further  complicate  the  picture.  In  parti¬ 
cular  a  line  in  the  first  sequence  band 
falls  approximately  midway  between 
the  R(16)  and  R(18)  regular  line  cen¬ 
tres  as  shown  in  Figure  6.17.  A  detailed 
theoretical  analysis  of  the  gain  spec¬ 
trum  and  the  resolution  spectrum  of 
the  frequency  selective  elements  would 
be  required  to  find  the  expected  fre¬ 
quency  tuning  characteristics  of  the  laser,  and  such  an  analysis  is  beyond  the  scope  of 
this  work.  The  results  of  Figure  6.17  are  also  influenced  by  a  backlash  in  the  grating 
tilt  mechanism  which  we  believe  is  responsible  for  most  of  the  deviations  from  the 
linear  tuning  curve.  It  is  not  possible  to  draw  definite  conclusions  from  these  data 
about  the  influence  of  the  spectral  structure  of  the  gain  on  the  tuning  characteristics. 
We  observe,  however,  that  lasing  occurs  erratically  in  a  broad  frequency  region  when 
the  grating  is  positioned  for  laser  oscillation  midway  between  the  line  centres,  and 
this  is  probably  caused  by  the  spectral  gain  structure.  We  assume  that  this  effect 
might  have  been  avoided  with  carefully  positioned  apertures  in  the  resonator. 

The  measured  laser  frequency  bandwidth  is  larger  than  0.2  cm'1  for  all  positions  of 
the  grating.  Even  if  the  spectral  resolution  of  our  spectrometer  contributes  with 
nearly  0.1  cm'1  to  the  bandwidth,  it  is  clear  that  further  refinements  of  the  technique 
are  required  for  narrowband  tuning  of  the  laser  frequency.  An  additional  etalon  might 
reduce  the  bandwidth  considerably,  but  since  the  laser  was  operated  only  slightly 
above  the  threshold  in  this  experiment,  we  could  not  afford  the  extra  resonator  losses 
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Figure  6.17  Results  of  frequency  tuning 
experiments  in  the  case  of 
single-line  pumping 
The  vertical  line  segments  repre¬ 
sent  measured  COj  laser  oscilla¬ 
tion  frequency  ranges. 


that  would  be  introduced  by  using  an  etalon.  It  is  possible  that  a  configuration 
similar  to  that  used  in  the  multiline  pumping  experiments  will  be  the  best  practical 
solution,  because  lower  resonator  losses  can  be  obtained  in  that  way.  That  solution  is 
however  inherently  more  complicated  because  one  has  to  take  into  account  the  com¬ 
plex  spectral  reflectivity  of  the  mirror-  grating  ’’etalon”  (see  Figure  5.10).  Further 
experiments  must  be  performed  to  find  out  which  of  the  configurations  that  should 
be  preferred. 

The  C02  laser  pulse  energies  obtained  with  the  grating  positioned  at  the  R(18)  line 
centre  are  plotted  as  a  function  of  the  pumping  energy  in  Figure  6.18.  The  maximum 
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Figure  6.18  C02  laser  output  energy  as 
a  function  of  single-line 
pumping  energy  in  the  fre¬ 
quency  tuning  experiments 
The  COj  User  here  oscillates  at 
the  R.  ( 1 8 )  line  centre  at 
974.6  cm'1 . 


pulse  energy  is  about  1  mj,  and  the 
pumping  threshold  is  considerably  higher 
than  what  we  measured  with  the  two- 
mirror  resonator  in  section  6.2.2.  Midway 
between  the  two  line  centres  the  maxi¬ 
mum  pulse  energy  was  approximately  a 
factor  of  two  lower. 

To  our  knowledge  this  is  the  first  time 
that  sufficiently  high  gain  has  been  ob¬ 
tained  in  an  optically  pumped  high- 
pressure  C02  laser,  to  allow  the  use  of 
frequency  selective  elements  such  as  a 
grating  and  an  etalon  in  the  laser  reso¬ 
nator.  Continuous  tuning  of  the  laser 
frequency  over  approximately  5  cm'1  has 
been  demonstrated  previously  in  an  opti¬ 
cally  pumped  N20  laser  (61).  The  tuning 
was  then  performed  by  simply  tuning  the 
resonator  length  of  a  two-mirror  laser 
resonator,  but  the  oscillation  frequency 
was  inherently  confined  to  a  narrow 
spectral  region  at  the  peak  of  the  gain 
spectrum.  With  the  present  concept  con¬ 
tinuous  tuning  of  the  laser  frequency  over 
broader  spectral  regions  should  be  pos¬ 
sible. 


7  CONCLUSIONS 


In  the  present  work  it  has  been  shown  that  the  radiation  from  a  pulsed  DF  laser  can 
be  used  for  efficient  optical  excitation  of  a  high-pressure  DF-*  C02  transfer  laser  for 
generation  of  continuously  tunable  C02  laser  radiation.  A  theoretical  model  of  the 
optically  pumped  high-pressure  DF-*  C02  transfer  laser  has  been  developed,  and  the 
results  of  computer  calculations  based  on  this  model  are  in  reasonable  agreement  with 
the  experimental  results. 

The  DF  laser  is  a  commercially  available  pumping  source  in  contrast  to  laser  sources 
that  have  been  used  previously  for  optical  pumping  of  high-pressure  C02  lasers,  and 
this  may  lead  to  a  practical  use  of  optical  pumping  for  generation  of  continuously 
tunable  C02  laser  radiation.  * 

The  experiments  have  been  concentrated  on  measurements  with  10  atm  laser  gas 
mixtures,  since  10  atm  gas  pressure  is  sufficient  for  complete  overlapping  between 
adjacent  C02  laser  lines  making  continuous  tuning  of  the  laser  frequency  possible. 
Using  single-line  DF  laser  radiation  for  pumping  and  a  7%  C02  laser  output  coupler, 
6  mj  C02  laser  output  pulse  energy  was  obtained,  corresponding  to  a  total  quantum 
efficiency  of  about  20%.  The  slope  quantum  efficiency  was  about  35%,  and  the  peak 
power  was  approximately  40  kW.  The  output  energies  obtained  at  10  atm  gas  pressure 
using  multiline  pumping  were  in  the  same  range,  but  the  values  of  the  quantum 
efficiency  were  uncertain  in  that  case  due  to  uncertainties  in  the  measurements  of  the 
absorbed  pumping  energy.  The  values  listed  above  are  by  far  the  highest  that  have 
been  reported  for  an  optically  pumped  high-pressure  C02  laser  (cf  Table  1.1). 

Continuous  tuning  of  the  C02  laser  frequency  between  two  C02  line  centres  has 
been  demonstrated  by  using  a  beam  expander  and  a  diffraction  grating  in  the  laser 
resonator.  The  measured  spectral  bandwidth  of  the  laser  radiation  was  larger  than 
0.2  cm'1  including  the  0.1  cm'1  resolution  bandwidth  of  the  spectrometer,  and  it 
seems  that  an  additional  frequency  selective  element  such  as  a  Fabry-P.rrot  etalon  will 
be  necessary  to  obtain  narrow-band  tuning  of  the  laser  frequency.  The  influence  on 
the  tuning  characteristics  from  variations  in  the  laser  gain  between  the  line  centres  has 
not  been  analyzed.  Maximum  output  energies  of  approximately  1  mj  have  been  ob¬ 
tained  in  this  case. 

C02  laser  oscillation  between  the  C02  line  centres  has  also  been  demonstrated  by 
using  a  second  mirror  in  f.ont  of  the  grating  and  a  Fabry -Perot  etalon  which  provided 
the  fine  tuning.  Further  frequency  tuning  experiments  must  be  performed  before  it 
can  be  concluded  which  of  the  configurations  should  be  preferred.  To  our  knowledge 
this  is  the  first  time  that  frequency  selective  elements  like  a  grating  and  an  etalon 
have  been  used  in  an  optically  pumped  high-pressure  C02  laser  for  demonstration  of 
continuous  tuning  of  the  laser  frequency  (see  comments  in  section  6.3). 

The  theoretical  laser  model  developed  in  this  work  takes  into  account  the  effects  of 
line  overlapping  and  the  contribution  to  the  laser  gain  from  the  sequence  bands, 
which  are  both  important  in  high-pressure  molecular  lasers.  The  interaction  between 
different  vibrational/rotational  lines  has  been  ignored.  The  model  is  based  on  the 
assumptions  of  a  characteristic  vibrational  temperature  in  each  of  the  vibrational 
modes  and  a  common  temperature  for  the  T/R  degrees  of  freedom.  A  list  of  impor¬ 
tant  assumptions  and  simplifications  in  the  model  is  given  in  section  3.3.  C02  laser 
pulse  shapes  and  quantum  efficiencies  as  well  as  the  space  and  time  dependences  of 
the  pumping  laser  intensity,  the  number  of  excited  vibrational  quanta  in  the  different 
vibrational  modes  and  the  C02  laser  gain  are  calculated  using  this  model. 

According  to  the  theoretical  calculations  there  should  be  only  minor  differences  in 
the  C02  laser  pulse  shapes  and  in  the  quantum  efficiencies  for  the  various  10  atm 
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laser  gas  mixtures  used  in  the  experiments.  This  is  partly  confirmed  by  the  experi¬ 
mental  results,  but  some  significant  deviations  are  observed  which  show  that  effects 
that  we  have  ignored  in  the  theoretical  model  may  be  of  importance.  In  particular 
there  are  significant  differences  in  the  laser  oscillation  build-up  times  which  we  are 
unable  to  explain.  The  formation  of  pressure  waves  in  the  laser  gas  has  been  suggested 
as  an  explanation  for  lower  output  energy  and  lack  of  tail  in  the  laser  pulse  at  high 
OF  partial  pressure.  The  effect  of  pressure  waves  was  most  clearly  demonstrated  in 
the  gain  measurements  where  a  strong  defocusing  of  the  probing  beam  was  observed. 
It  is  however  not  clear  how  this  effect  will  influence  the  performance  of  the  laser. 
The  possibility  of  a  non-Boltzmann  distribution  in  the  DF  vibrational  ladder  has  been 
suggested  as  an  explanation  for  higher  transmitted  pumping  energies  in  the  experi¬ 
ments  than  in  the  theoretical  calculations. 

The  calculations  show  that  molecular  energy  relaxation  processes  should  not  seriously 
affect  the  quantum  efficiencies  of  this  laser  system.  Fast  deactivation  of  the  C02  i>3 
mode  by  collisions  with  DF  has  been  pointed  out  as  a  possible  limiting  factor,  but 
the  calculations  of  chapter  4  show  that  total  quantum  efficiencies  of  about  80% 
should  be  feasible  in  a  C02  laser  resonator  where  resonator  losses  other  than  the 
output  coupling  can  be  avoided.  The  magnitude  of  the  round  trip  resonator  losses 
relative  to  the  output  coupling  Tqut  is  important  for  the  quantum  efficiencies  that 
can  be  obtained,  and  our  results  indicate  that  a  high  £R  limits  the  experimental 
quantum  efficiencies.  The  slope  quantum  efficiency  was  approximately  the  same  for 
all  gas  mixtures  and  gas  pressures  used  in  the  single-line  pumping  experiments,  and 
this  strongly  indicates  that  the  slope  efficiency  is  given  by  the  ratio  Tq.,t  :£R.  This 
gives  an  £r  in  the  range  of  14—18%  for  the  experiments  with  the  3.5%  output 
coupler,  ana  it  suggests  that  great  improvements  in  the  quantum  efficiencies  might  be 
obtained  in  a  low-loss  laser  resonator. 

Even  though  there  are  some  discrepancies  between  experimental  and  calculated  re¬ 
sults,  we  find  that  the  theoretical  model  describes  many  of  the  essential  features  of 
the  laser  system  fairly  well.  The  model  is  particularly  valuable  for  evaluation  of 
effects  such  as  saturation  in  the  pumping  process  and  the  contribution  to  the  laser 
gain  from  the  sequence  bands,  and  for  evaluation  of  the  reduction  in  the  efficiency 
due  to  molecular  relaxation  processes.  It  also  appears  that  good  agreement  with 
output  energies  and  quantum  efficiencies  can  be  obtained  when  the  experimentally 
estimated  value  of  £R  is  used  in  the  theoretical  model.  The  disagreements  in  the  pulse 
shapes  and  build-up  times  are  significant.  It  should  however  be  noted  that  the  mea¬ 
sured  build-up  times  are  within  the  range  of  200—320  ns  except  for  the  mixture  with 
the  lowest  DF  partial  pressure.  By  comparison  the  calculated  build-up  time  is  about 
220  ns  for  £R=6%  and  280  ns  for  £R=  15%  for  all  the  gas  mixtures.  To  our  know¬ 
ledge  the  present  work  is  the  first  where  the  experimental  characteristics  of  an  opti¬ 
cally  pumped  high-pressure  COj  laser  are  compared  with  the  results  of  a  reasonably 
comprehensive  theoretical  model. 

The  results  of  the  frequency  tuning  experiments  are  promising,  but  extentions  of  the 
work  will  be  required  to  prove  that  the  laser  system  can  be  developed  into  a  practi¬ 
cal,  continuously  tunable  laser  source.  The  extra  resonator  losses  caused  by  the  fre¬ 
quency  selective  elements  may  be  a  limiting  factor,  and  special  attention  should  be 
paid  to  this  problem.  An  extended  series  of  single-line  pumping  experiments  accom¬ 
panied  by  computer  simulations  should  provide  a  definite  conclusion  about  the 
magnitude  of  the  resonator  losses  which  seemed  to  limit  the  quantum  efficiency  in 
the  two-mirror  laser  experiments.  If  the  high  loss  factor  is  confirmed,  it  will  be 
important  to  find  out  which  components  (mirrors  or  windows)  are  responsible  and 
what  precautions  can  be  taken  to  reduce  the  losses.  An  analysis  of  the  frequency 
tuning  characteristics  based  upon  the  spectral  characteristics  of  the  laser  gain  and  of 
the  frequency  selective  elements  would  be  desirable,  but  the  complexity  of  the  spec¬ 
tral  gain  curve  will  make  this  difficult. 


This  work  did  not  provide  a  conclusion  about  which  DF  pumping  laser  resonator 
configuration  should  be  chosen,  and  it  seems  that  radiation  damage  problems  will  be 
decisive  for  this  question.  In  multiline  operation,  using  a  stable  two-mirror  DF  laser 
resonator, the  pumping  beam  has  a  hot-spot  pattern  which  leads  to  enhanced  damage 
problems.  Multiline  DF  laser  operation  using  an  unstable  two-mirror  resonator  should 
therefore  be  considered.  This  might  reduce  the  damage  problems,  and  better  matching 
with  the  TEM00  C02  laser  resonator  mode  would  also  be  obtained.  The  advantage  of 
using  multiline  pumping  is  that  higher  pumping  energies  are  available,  even  though 
only  the  ( 1—^0)  laser  lines  are  efficient  for  the  excitation.  This  will  be  important 
because  the  frequency  selective  elements  lead  to  increased  resonator  losses  and  higher 
pumping  threshold  in  the  tuning  experiments. 

The  optical  transfer  pumping  scheme  presented  in  this  work  may  also  allow  operation 
with  other  isotopes  of  the  C02  laser  molecule  or  with  N20.  This  might  produce 
continuously  tunable  laser  radiation  in  a  large  part  of  the  900— 1100  cm*1  region. 
However,  limited  information  is  available  about  the  kinetics  of  these  systems,  and  it 
remains  to  be  seen  if  they  are  suitable  for  high-pressure  operation. 

We  conclude  by  stating  that  a  new  optical  excitation  scheme  for  a  high-pressure  C02 
laser  has  been  investigated  in  this  work,  and  the  potential  of  optical  pumping  as  a 
particularly  simple  and  efficient  excitation  technique  has  been  demonstrated. 
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APPENDIX  A 


UNIT  CONVERSION  SCALES 


The  scales  given  below  show  the  correspondance  among  the  units  for  the  frequency, 
wavelength,  wavenumber  and  energy  of  a  photon.  The  correspondance  is  unique,  and 
we  have  found  it  convenient  to  give  the  value  of  the  corresponding  wavenumber  both 
when  referring  to  the  frequency  and  to  the  energy.  Strictly  speaking,  this  correspon¬ 
dance  is  only  meaningful  in  the  case  of  a  photon,  but  the  wavenumber  in  units  of 
(cm*1 )  is  commonly  used  also  when  referring  to  atomic  and  molecular  energies  as  well 
as  the  linewidths  of  atomic  and  molecular  transitions. 


FREQUENCY  (THz) 
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25  50 


J - 1 _ I _ I _ I _ I 

75  KX 
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10 


J _ I _ I 

5  4  3 


WAVENUMBER  (cm*1) 


_ l_ 

1000 


_l _ I _ I _ 

2000  3000 


ENERGY  (lO*20^ 


J. 

2 


J _ I - 1 - L 

3  4  5  6 


ENERGY  (.V) 
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APPENDIX  B 
LIST  OF  SYMBOLS 


Symbols  that  are  only  used  where  they  are  defined  are  not  listed. 


Au£ 

AE 

gW 

k 

^OUT 

k 

*0P 

J 

kx 

kx,M 

kDl*  kD2*  kD3 
kT 

L 

£ 

/ 

N 

Nfi.  Nu 

AN 

Ni 

*i* 

Nl2 

OPL 

P 

P(J) 

P 

Q>  Qv»  Qr 
R 

RU) 


—  spontaneous  Einstein  coefficient 

—  general  notation  for  energy  difference 

—  line  shape  function  (fg(v)dv  =  1) 

—  C02  laser  radiation  intensity  in  the  laser  resonator 

—  C02  laser  output  radiation  intensity 

—  DF  pumping  laser  radiation  intensity 

—  constant  describing  the  intensity  of  the  theoretical  pumping  pulse 
(equation  (4.1)) 

—  rotational  quantum  number 

—  rate  of  process  x 

—  specific  rate  constant  of  process  x  due  to  collisions  with  molecule  M 

—  decay  rates  of  the  energies  in  the  ,  v2  and  v3  C02  vibrational 
modes 

—  energy  transfer  rate  from  the  DF  vibrational  mode  to  the  C02  v3 
mode 

—  general  index  for  the  C02  laser  transition  and  for  the  C02  laser 
radiation  (aL,  etc) 

—  internal  length  of  the  laser  gas  cell 

—  total  optical  length  of  the  C02  laser  resonator 

—  index  for  the  lower  C02  laser  level  and  for  the  lower  level  of  the 
DF  absorption  transition 

—  total  round  trip  resonator  losses 

—  quantum  number  for  the  vibrational  angular  momentum  of  the 
degenerate  C02  v2  mode 

—  molecular  density 

—  population  densities  of  the  lower/upper  C02  laser  levels  or  for 
the  Iower/upper  levels  of  the  DF  absorption  transition 

—  population  inversion  of  the  C02  laser 

—  average  number  of  excited  vibrational  quanta  per  molecule  (i  =  1, 

2,  3  —  C02  vibrational  modes,  i  =  4  —  DF  vibrational  mode) 

—  equilibrium  value  of  Nj 

=  N,  +  N2/2 

—  optically  pumped  laser 

—  general  index  for  the  DF  absorption  transition  (pumping  transi¬ 
tion)  and  for  the  DF  pumping  laser  radiation  (ap,  vp  etc) 

—  P-branch  transition  (defined  in  section  3.1.1) 

—  gas  pressure 

—  partition  functions 

—  ’’rotational” 

—  R-branch  transition  (defined  in  section  3.1.1) 
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T 

T 

Ti 

tout 

u 

V 


z 


Zo 


y 


Tm 


v 

e 


K 

XL,  xp 

VL’  "p 
*1 


*o 

P 


CO 

co0 


—  "translational” 

—  common  temperature  for  the  T/R  degrees  of  freedom 

—  vibrational  temperature  (i  =  l,  2,  3  —  C02  vibrational  modes, 
i  =  4  —  DF  vibrational  mode) 

—  output  coupling  of  the  C02  laser  resonator 

—  index  for  the  upper  C02  laser  level  and  for  the  upper  level  of  the 
DF  absorption  transition 

—  ’’vibrational” 

—  vibrational  quantum  number  (i  =  l,  2,  3  —  C02  vibrational 
modes,  i  =  4  —  DF  vibrational  mode) 

—  position  coordinate  along  the  C02  laser  resonator  axis 

—  Rayleigh  distance  of  a  TEM0o  Gaussian  beam 

—  C02  laser  gain  coefficient 

—  average  C02  laser  gain  coefficient  in  the  C02  laser  resonator  (see 
equation  (3.43)) 

—  absorption  coefficient  of  the  DF  absorption  transition 

—  half  width  at  half  maximum  of  Lorentz  broadened  transitions 

—  half  widths  of  the  C02  laser  transition  and  of  the  DF  absorption 
transition 

—  specific  Lorentz  line  broadening  coefficient  due  to  collisions  with 
the  molecule  M 

—  quantum  efficiency 

—  degeneracy  (indices  u,  B,  /,  J  identify  the  kind  of  level  involved) 

—  Lorentz  line  overlapping  factor  (defined  in  section  3.1.5) 

—  C02  laser  wavelength/DF  laser  wavelength 

—  C02  laser  frequency/DF  laser  frequency 

—  vibrational  frequency  (i  =  1 ,  2,  3  —  C02  vibrational  modes,  i  =  4 
—  DF  vibrational  mode) 

—  line  centre  frequency 

—  population  probability  (quantum  numbers  will  identify  the  kind 
of  level  involved) 

—  beam  radius  of  a  TEM00  Gaussian  beam 

—  beam  radius  at  the  beam  waist 
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APPENDIX  C 

ENERGY  TRANSFER  BETWEEN  HARMONIC  OSCILLATOR  VIBRATIONAL 
MODES 


Section  1.7.1  of  (27)  treats  the  general  theory  of  energy  transfer  between  two  har¬ 
monic  oscillator  vibrational  modes  a  and  b  with  frequencies  and  v^.  It  is  assumed 
that  vibrational  temperatures  Ta  and  T^  describe  the  populations  of  the  vibrational 
levels,  and  the  average  excitation  enexgies  in  the  modes  a  and  b  per  molecule  are 
denoted  Ea  and  Eb.  Assuming  that  only  single  vibrational  quanta  can  be  transferred 
in  a  collision  between  two  molecules,  one  finds  that  the  following  equations  describe 
the  transfer  process 


=  -kT(T,Tb)(Ea-Ea(T,Tb)) 


where 


f  hi>h  AE  V1 
EJTfTb)-hv|^  +  EFl-J- 


kT<T'Tb)  “  kolrap  (rr>  -  11  '  l'*P  (^)-exp(-  £1)1 


AE  =  hi>a—  hi>b 
T  —  T/R  temperature 
k0  —  constant 

Assuming  that  a  and  b  are  the  DF  vibrational  mode  (v^-  v4 )  and  the  C02  v3  mode 
(^-1^3)  respectively,  equation  (C.l)  corresponds  to  equations  (3.31)  and  (3.32)  of 
section  3.2.4.  Introducing  the  quantity  ft3  into  equation  (C.3)  it  can  be  shown  that 


kx  =  kT(T,T3)  =  ko N3  [1  —  exp  ( 


Since  AE  =  hi>4  —  hi>3  550  cm'1  and  kT  =*  208  cm'1 ,  at  T  =  300  K,  we  can  approxi¬ 
mate  by  ignoring  the  exponential  factor,  and  we  find  that 

kT  *  k0(ltfl3)  .  (C.5) 

With  k0=  kJr'Pco  t^1*s  corresponds  to  the  expression  for  kj  used  in  equations  (3.31) 
and  (3.32).  2 


We  also  find  that  E4(T,  T3)  of  equation  (C.2)  corresponds  to  htvN4e  of  equations 
(3.31)  and  (3.32).  The  equilibrium  condition  of  equation  (3.33)  can  be  found  from 
equations  (C.l)  and  (C.2),  using  the  quantities  ff3  and  FJ4. 
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APPENDIX  D 

CONSTANTS  AND  PARAMETER  VALUES  USED  IN  THE  COMPUTER  CALCU¬ 
LATIONS 

Constants  and  parameter  values  used  in  the  computer  calculations  are  summarized 
below.  References  are  given  to  the  places  where  they  occur  in  the  text  or  to  numbers 
in  the  reference  list.  All  temperature  dependent  parameters  are  given  at  T  =  300  K. 

a)  The  DF  absorption  transition  (section  3.2.3) 

These  data  are  used  in  the  calculation  of  ap.  It  is  assumed  that  the  1P(7)  DF 
laser  line  is  used  for  pumping. 

v0p  =  2743.5  cm"1 

Au£  =31  s*‘  (45) 

7p  (cm'1)  =  0.29 -pDF  (atm)  +  0.05 -pCOj  (atm)  +  0.005 -pHe(atm)  (Table  3.1) 

p(J=7)  =  0.042 

p(J=6)  =  0.075 

(The  values  of  p  are  calculated  using  the  DF  rotational  constants  B  *s  10.86  cm'1 
and  D«  6-10'4  cm'1  given  in  (62).) 

b)  The  C02  laser  transition 

These  data  are  used  in  the  calculation  of  aL  (section  3.1.5).  It  is  assumed  that 
the  ~02  laser  oscillates  on  R(18)  at  974.6  cm*1 . 


"0L 

=  974.6  cm'1 

AuC 

=  0.19  s'1 

(63) 

7L(cm'*) 

=  0.096-pCQ2(atm)  +  0.061-pHe(atm) 

M 

(41) 

K 

=  1.5 

(25,  29) 

P(J=18) 

=  0.0728 

P(J=19) 

=  0.0715 

(The  values  of  p  are  calculated  using  the  C02  rotational  constants 
B  *  0.387  cm'1  and  D  1.33-10'7  cm'1  given  in  (64).) 

*  The  broadening  of  the  C02  laser  lines  by  collisions  with  DF  is  not  known,  but  it 
should  contribute  negligibly. 

c)  Energy  transfer  and  relaxation  processes  (sections  3.2.4  and  3.2.5) 

14  =  1.5-10*  s'1 -atm'1  (44,48) 

kjjjv**1)  =  l.l-105-pCOj(atm)  +  2.4-10*-pHe(atm)  ""  (Table  3.3) 

^D3^s"' )  =  l-5-107,PDF(atm)+  2.7-10* -pCOj  (atm)  +  6.5-104 -pHe(atm) 

(Table  3.2) 

""The  relaxation  constant  due  to  collisions  with  DF  is  not  known. 


d)  Resonator  parameters 
La  =  10  cm 

Lc  =  22  cm 

T 

OUT  arc  variable  input  parameters  to  the  computer  program. 
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SPECTRAL  CHARACTERISTICS  OF  OPTICAL  COMPONENTS 


5 

1 


Figure  E.l  below  shows  the  spectral  transmittance  of  the  laser  mirrors  and  the  beam¬ 
splitter  used  in  the  set-up  of  Figure  5.1.  The  curves  are  only  given  in  the  frequency 
regions  of  the  C02  laser  and  of  the  DF  pumping  laser. 


Figure  E.l  Spectral  transmittance  of  laser  mirror  M\  (solid  curve),  laser  mirror  M2 
(dotted  curve )  and  beamsplitter  BS  (dashed  curve) 

The  transmittance  of  Mj  is  less  than  0.5%  at  COj  laser  wavelengths.  The  trans¬ 
mittance  of  Mj  (output  coupling)  is  approximately  3.5%  at  the  COj  laser  R(18)  line 
at  975  cm'*. 


-  •• 
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APPENDIX  F 

THE  CHOICE  OF  MATERIALS  IN  THE  GAS  HANDLING  SYSTEM;  GAS  MIXING 
PROCEDURES 


Our  observations  of  reactions  between  the  DF  gas  and  the  gas  handling  system  were 
briefly  summarized  in  section  5.5.  This  appendix  will  give  a  more  detriled  description 
of  the  observations  and  of  the  gas  mixing  procedures. 

We  shall  first  briefly  comment  on  some  of  the  general  properties  of  the  DF  ^as.  The 
boiling  point  of  DF  is  as  high  as  20° C,  which  means  that  a  maximum  DF  vapour 
pressure  of  about  1  atm  can  be  obtained  at  room  temperature  (this  was  no  limitation 
in  our  work  where  much  lower  DF  pressures  were  used).  It  is  a  very  corrosive  and 
toxic  gas  which  requires  handling  with  the  utmost  care.  The  deuterium  is  easily 
backexchanged  with  hydrogen,  and  the  presence  of  adsorbed  water  vapour  on  surfaces 
in  the  gas  handling  system  may  be  critical.  At  DF  partial  pressures  above  100  torr  the 
DF  molecules  start  to  form  polymers,  and  these  are  recognized  by  the  presence  of 
broad  continuous  absorption  bands  in  the  infrared  spectrum  (65).  Such  polymer 
absorption  was  observed  in  our  experiments  for  DF  pressures  exceeding  150  torr,  and 
we  were  concerned  about  the  influence  that  the  polymers  might  have  on  relaxation 
rates  in  the  laser  system.  It  turned  out  that  the  optimum  DF  partial  pressure  in  the 
laser  was  considerably  lower,  and  no  polymer  absorption  has  been  observed  in  our 
typical  laser  gas  mixtures. 

Besides  the  corrosive  nature  of  the  DF  gas,  the  most  serious  problem  in  the  prepara¬ 
tion  of  the  gas  mixtures  seems  to  be  adsorption  of  DF  on  surfaces  in  the  gas  handling 
system.  This  is  confirmed  by  the  fact  that  the  DF  pressure  decreases  quickly  after  an 
amount  of  DF  is  filled  into  the  system,  and  after  evacuation  the  pressure  starts  to 
increase  due  to  outgassing.  The  phenomenon  is  probably  similar  to  the  well-known 
surface  adsorption  of  water  vapour.  Since  DF  is  very  reactive,  it  is  likely  that  a 
combination  of  adsorption  and  chemical  reaction  with  the  surfaces  is  responsible  for 
the  time  evolution  of  the  pressure.  A  typical  time  evolution  of  the  pressure  in  a 
stainless  steel  gas  cell  is  shown  in  Figure  F.l.  We  observe  that  the  pressure  drops  very 
quickly  the  first  minutes  after  filling  110  torr  DF  into  the  cell,  and  several  hours  later 
the  decay  rate  decreases  to  0.2  —  0.3  torr  per  hour.  It  seems  natural  to  believe  that 
the  rapid  decay  at  the  start  is  caused  by  surface  adsorption,  while  the  slow  decay 
may  be  attributed  to  a  chemical  reaction. 

According  to  our  observations  the  decay  rate  depends  greatly  on  the  choice  of  ma¬ 
terials  in  the  gas  handling  system.  From  the  literature  it  is  found  that  the  fluoro¬ 
carbon  plastics  teflon  and  Kel-F  and  the  copper-nickel  alloy  monel  are  widely  u-ed 
gas  cell  materials  in  spectroscopic  studies  of  DF  and  HF.  This  is  consistent  with 
recommendations  in  corrosion  guide  books.  No  specific  information  is  found  about 
characteristic  chemical  reactions  or  the  amount  of  DF  adsorption  on  surfaces. 
Sapphire  is  usually  chosen  as  cell  window  material,  but  it  could  not  be  used  in  our 
laser  experiments  since  it  absorbs  the  C02  laser  radiation. 

We  have  tested  teflon,  monel  and  stainless  steel  in  the  gas  handling  system.  ZnSe  has 
been  used  for  Brewster  window  material  in  the  laser  gas  cells,  while  sapphire  was 
tested  in  gas  cells  which  were  used  for  measurements  of  the  infrared  absorpn  hi 
spectra  of  DF.  The  DF  pressure  was  measured  by  a  capacitance  manometer  iMR.s 
Baratron  model  220B),  where  parts  exposed  to  the  gas  were  made  of  inconel,  »hi* 
manometer  is  intended  for  use  with  corrosive  gases,  and  it  worked  without  problem* 
during  the  experiments. 
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Figure  F.l  Time  evolution  of  the  DF  pressure  after  filling  110  torr  DF  into  a 
stainless  steel  gas  cell 

Our  tests  have  included  observations  of  the  time  evolution  of  the  DF  pressure, 
measurements  of  the  infrared  absorption  spectra  of  the  gas  and  visual  observation  of 
the  surfaces.  The  conclusions  about  the  choice  of  materials  can  be  summarized  as 
follows: 

a)  Teflon  is  the  best  material  with  respect  to  decay  of  the  DF  pressure.  In  a  teflon 
gas  cell  the  pressure  decreased  typically  to  €0%  of  its  initial  value  in  three  days. 
Teflon  is  a  relatively  soft  material,  and  it  was  not  suited  for  our  high-pressure 
laser  gas  cells. 

b)  Monel  does  not  seem  to  be  a  favourable  material,  contrary  to  our  expectations 
from  the  recommendations  in  the  literature.  We  found  that  the  DF  pressure 
decreased  rapidly  after  each  gas  filling,  even  though  the  system  had  been  satura¬ 
ted  with  large  quantities  of  DF  several  times  in  advance.  No  significant  signs  of 
chemical  attack  were  observed  on  the  monel  surface,  and  we  assume  that  surface 
adsorption  is  responsible  for  the  rapid  decay  of  the  DF  pressure.  A  monel  laser 
gas  cell  was  used  in  all  the  multiline  pumping  experiments,  and  provided  that  the 
surfaces  were  well  saturated  with  DF  in  advance,  we  were  able  to  keep  the  DF 
pressure  variation  as  low  as  2—3  torr  during  a  measurement  series  which  usually 
lasted  2—3  hours. 

c)  The  pressure  decay  rate  in  stainless  steel  cells  was  significantly  lower  than  in 
monel  cells,  and  it  was  observed  that  the  decay  rate  decreased  markedly  after  a 
cell  had  been  filled  repeatedly  with  DF  for  a  period  of  some  months.  The  cell 
surface  was  then  clearly  corroded,  and  we  can  only  suggest  that  the  layer  pro¬ 
duced  by  the  corrosion  may  influence  the  surface  adsorption  rate.  The  pressure 
decay  curve  shown  in  Figure  F.l  was  measured  before  such  ’’passivation”  of  the 
cell  had  been  obtained.  A  stainless  steel  laser  gas  cell  was  used  in  the  single-line 
pumping  experiments,  and  after  good  passivation  of  the  cell  it  became  relatively 
easy  to  maintain  a  constant  DF  pressure  during  an  experiment.  The  gas  mixing 
procedure  used  in  these  experiments  is  described  at  the  end  of  this  appendix. 
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d)  The  ZnSe  Brewster  windows  have  been  used  for  more  than  one  year  without 
significant  signs  of  chemical  attack.  The  windows  are  sealed  to  the  gas  cell  with 
viton  o-rings,  and  it  is  unknown  whether  chemical  reactions  with  these  play  any 
role. 

e)  Sapphire  windows  have  been  used  in  some  of  our  absorption  cells,  and  they 

seem  to  have  excellent  resistance  to  chemical  attack  from  DF.  For  a  more 

permanent  sealed-off  version  of  the  laser  it  might  be  considered  to  construct  a 
sapphire  laser  gas  cell. 

f)  Dielectric  coatings  have  been  tested  on  some  of  our  gas  cell  windows,  but  they 

were  seriously  attacked  by  the  DF  gas.  For  this  reason  Brewster  windows  and 

external  laser  mirrors  had  to  be  used  in  the  laser  experiments. 

g)  Infrared  absorption  spectra  of  the  DF  gas  showed  that  the  absorption  decreased 
in  agreement  with  the  decay  of  the  gas  pressure.  With  the  exception  of  HF  (see 
section  5.5  and  Appendix  G)  no  other  gases  with  infrared  absorption  spectra 
have  been  observed  in  these  measurements. 

A  schematic  of  the  gas  handling  system  is  shown  in  Figure  F.2.  The  following  gas 

mixing  procedure  was  used  in  the  the  single-line  pumping  experiments: 

—  After  evacuating  the  whole  sys¬ 

tem  via  valve  4  the  DF  was  filled 
into  the  system.  Evacuation  and 
filling  was  repeated  twice.  The 
reason  for  this  was  that  the 
tubes  between  valves  1,  2  and  3 
had  been  exposed  to  air  when 
the  gas  cell  was  decoupled  at  5 
for  the  previous  laser  experi¬ 
ment.  Water  vapour  might  have 
been  adsorbed  at  the  tube  walls 
in  the  meantime,  and  we  wanted 
to  exchange  as  much  as  possible 
of  the  hydrogen  in  the  water  by 
the  two  first  fillings  and  eva¬ 
cuations.  The  third  time,  a  DF 
pressure  which  was  considerably 
higher  than  the  desired  final  Figure  F.2  Schematic  of  the  gas  handling 
value  was  filled  in,  and  valve  2  system 

was  closed.  We  could  then  ob¬ 
serve  how  the  pressure  decreased  for  several  hours  as  in  Figure  F.l.  When  the 
decay  rate  was  less  than  1  torr  per  hour,  we  reduced  the  pressure  slightly  below 
the  desired  value.  The  pressure  would  then  increase  slowly  before  a  new  decay 
started,  and  for  a  period  of  2—3  hours  we  were  able  to  maintain  a  nearly  constant 
DF  pressure. 

—  When  the  desired  DF  pressure  had  been  obtained,  valve  1  was  closed,  the  system 
was  evacuated,  and  C02  and  He  were  filled  into  the  cell  in  turn.  No  special 
precautions  were  taken  to  ensure  homogeneous  mixing  of  the  three  gases  in  the 
cell,  but  we  have  not  observed  effects  that  indicate  inhomogeneous  mixing  in  the 
experiments. 

—  Observation  of  the  DF  absorption  spectrum  has  been  an  important  test  of  the  DF 
contents  in  the  laser  gas  mixtures.  A  spectrum  was  always  recorded  for  each  gas 
mixture,  and  in  some  cases  the  spectrum  was  measured  both  before  and  after  die 
laser  experiments.  No  significant  changes  in  the  DF  absorption  were  observed 
between  the  two  measurements,  indicating  that  the  DF  partial  pressure  was 
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APPENDIX  G 

IMPURITIES  IN  THE  DF  GAS 


The  presence  of  a  significant  fraction  of  HF  was  observed  in  measurements  of  the 
infrared  absorption  spectrum  of  the  DF  gas.  According  to  the  manufacturer  the  DF 
gas  should  contain  less  than  2%  HF.  The  DF  gas  was  bought  in  10  g  quantities  in 
monel  lecture  bottles  from  Ozark-Mahoning  Company  of  Tulsa,  Oklahoma,  which  is 
the  only  manufacturer  of  the  gas  as  far  as  we  know.  It  became  dear  that  the  HF 
content  was  considerably  larger  than  2%,  but  several  contacts  with  die  manufacturer 
did  not  solve  the  problem.  Four  lecture  bottles  with  DF  were  received,  and  they  all 
contained  a  substantial  amount  of  HF. 

At  first  we  believed  that  HF  might  be  formed  by  chemical  reaction*  with  our  gas 
handling  system.  It  was  observed  that  the  HF  absorption  in  the  infrared  spectrum 
decreased  when  the  system  was  passivated  with  the  gas  several  times,  and  exchange  of 
deuterium  with  hydrogen  in  water  vapour  adsorbed  on  the  surfaces  may  explain  this 
effect.  However,  after  a  few  gas  fillings  the  relative  strengths  of  the  DF  and  HF 
absorptions  in  the  spectrum  remained  constant.  This  was  observed  for  all  the  gas  cell 
materials  that  were  tested,  and  it  therefore  seems  that  HF  had  been  formed  during 
the  production  of  the  gas  or  later  by  chemical  reactions  in  die  lecture  botdes 

The  determination  of  the  exact  fractions  of  DF  and  HF  from  die  absorption  spectra 
was  not  trivial  since  the  resolution  bandwidth  of  our  photospectrometer  (Perkin* 
Elmer  model  PE  580B)  was  broader  than  the  widths  of  the  DF  and  HF  absorption 
lines.  Uncertainties  in  die  values  of  Einstein  coefficients  and  Lorentz  line  broadening 
coefficients  may  also  lead  to  errors.  It  was  chosen  to  compare  the  absorption  on  the 
1P(9)  DF  line  at  2693  cm'1  with  that  on  the  1P(7)  HF  line  at  3644  cm'1.  The 
Lorentz  self-broadening  coefficients  and  the  line  centre  absorption  coefficients  arc 
approximately  the  same  for  these  two  lines  in  pure  pressure  broadened  DF  and  HF 
respectively  (45,  66).  The  broadening  of  the  1P(9)  DF  line  by  HF  is  approximately 
equal  to  the  self-broadening  (47),  and  we  have  assumed  that  die  same  is  the  case  for 
the  broadening  of  the  1P(7)  HF  line  by  DF,  for  which  no  data  have  been  found. 
Knowing  these  parameters,  it  is  possible  to  calculate  the  DF  and  HF  fractions  from 
an  absorption  measurement.  The  procedure  that  we  have  used  for  calculation  of  the 
fractions  takes  into  account  the  effect  of  the  limited  instrumental  resolution.  The 
details  will  not  be  discussed  here.  Absorption  spectra  were  recorded  both  of  the  DF 
gas  (including  the  HF  impurity)  and  of  pure  HF  gas  as  a  reference.  This  allowed  us  to 
perform  the  calculations  in  two  different  ways  which  both  gave  an  HF  fraction  of 
approximately  20%.  Considering  the  various  sources  of  error  we  have  concluded  that 
the  HF  fraction  should  be  in  the  range  of  (20±5)%. 

A  second  source  of  impurity  may  be  the  formation  of  Dj  in  the  lecture  botdes  by 
reaction  of  DF  with  the  walls.  The  possibility  was  pointed  out  by  Dr  J  J  Hinchen  at 
United  Technologies  Research  Center,  Connecticut,  in  a  private  communication.  This 
was  examined  by  cooling  the  botdes  to  77  K  and  measuring  the  remaining  gas  pres¬ 
sure.  Practically  all  the  DF  should  then  be  in  liquid  phase,  but  in  three  of  the  bottles 
gas  pressures  ranging  from  100—150  torr  were  measured.  D2  formation  is  a  possible 
explanation  for  this  observation,  and  it  should  be  noted.  In  the  fourth  botde  the 
remaining  pressure  was  negligible,  and  gas  from  this  botde  was  used  in  all  the  laser 
experiments. 
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